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SUMMARY
Thin grain leathers were taken from bovine sides and composites formed 
by saturation. Leather and composites mere characterized by mechanical 
tests. They deform mostly by fibre extension, decrimping, translation 
and rupture. The relative proportion of each is strain dependant 
and the restricting forces determine the tensile stress response. In 
unstrained leather, frictional forces or polar bonds, predominate, whilst 
in composites., polymer bonds prevail. Aqueous impregnants probably form 
additional polar bonds.
The stress response of leather is largely strain rate insensitive but 
composites have a composition dependant, strain rate sensitivity and a 
higher stress relaxation rate.
It is doubtful whether any bonds remain intact beyond 12% strain where 
leather and composites exhibit an increase in Poisson!s ratio, a change 
in stress relaxation behaviour and, in leathers, an ill-defined stress 
yield point which probably marks the end of the fibre decrimping in 
retan leather.
Below 12% strain, full chrome leather has a high modulus and retan a 
lower one. Composites also have high moduli but in those of aqueous 
polymers, the yield point is sharper and occurs at 5% strain along with 
a maximum stress relaxation rate and, with one polymer, an increase in 
Poisson!s ratio.
Beyond 12% strain, frictional forces or entanglements cause progressive 
fibre rupture, beginning at 15% strain in full chrome leather, at 30^ 
in retan, and increasing exponentially in both up to rupture at 40^ 
strain. No polymer brought forward the onset of fibre rupture, most 
delay it. All polymers further restrict fibre movement at the highest 
strain rates employed but at lower rates soft polymers can act as 
lubricants with increasing polymer content and composite failure strain 
increases while secondary modulus decreases.
A simple additive model describes composite stress relaxation. Tensile 
stress prediction requires a complex network model which does not account 
for the effect of polymer content.
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SYMBOLS AND ABBREVIATIONS NOT DEFINED IN THE TEXT
I
B Regression Coefficient.
Comp. Composite when used as a subscript.
D.B.S Dynamic Bending Stiffness.
D.C.M Dichloromethane.
E Extension; Elongation; Young*s Modulus.
E1-E15 Code Numbers of Experimental Designs (Appendix II).
EB Elongation at Break.
e Strain. Subscript 1, 2 or 3 refers to three perpendicular axes.
F Variance Ratio (Snedecor!s JF test1).
F.C Full chrome (Leather or Composites thereof).
Gc Flexural Rigidity from a Cantilever test.
Gi Initial Flexural Rigidity from a Dynamic Bending test.
K Constant; Intercept of a straight line with the ordinate.
L Leather - when used as a label in experimental designs.
L1304 Lankrothane 1304 an impregnant polymer.
L.G.F.S Leather Ground F.S an impregnant polymer.
LT 76 Primal LT 76 an impregnant polymer.
1 Leather when used as a subscript.
Ip Load in a fibre.
l.s.d Least significant difference (statistical).
M^ Fibre Modulus.
m Exponent in Power Law stress relaxation equation.
n Exponent; usually a constant,
n/s Not significant (statistically).
P Polymer - when used as a label in experimental designs.
P Probability.
poly. Polymer when used as a subscript.
Q Quantity of Polymer in a composite - when used as a label
in experimental designs.
2R The fraction of the total sum of squares of data, accounted
for by regression.
RH Relative Humidity.
RT Retan (Leather or Composites thereof).
Rl/ll5 Resin Rl/ll5 - an impregnant polymer,
r Correlation Coefficient in regression analysis.
S Speed of test - when used as a label in experimental designs.
S.E.M Scanning Electron Micrograph,
s.e.b Standard error of the regression coefficient,
sign. Significant (statistically).
T Thickness; Temperature.
T.E.M Transmission Electron Micrograph
Tg Glass Transition Temperature, of a polymer,
t Time; *Students t* value (Statistical).
u/v Ultraviolet.
VFC Variable (uith strain) Fibre Curl.
VFM Variable (uith strain) Fibre Modulus.
z Constant in Pouer Lau stress relaxation equations.
+ve Positive] Refers to direction of bending a leather. +ve, grain
~ve NegativeJ surface outermost; -ve, the reverse.
3? \JL Perpendicular Relative to the line of the animals
//B^ Parallel J backbone.
9, 0 Angles.
CT Stress*
Go Initial stress (at times zero) in Stress Relaxation studies.
CTt Stress at time t in Stress Relaxation studies.
Coefficient of Sliding friction; urn - micrometers.
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1. INTRODUCTION
Throughout the text the terminology of the leather industry has been 
used freely and a knowledge of its meaning has been assumed. Readers 
unaquainted with either the structure of leather or the terminology 
are referred to Appendix I which contains a brief technical description 
of leather and a glossary of terms. On the first occasion of their 
use in the text, words or terms appearing in the glossary are denoted 
by an asterisk at the beginning of the appropriate word or term, e.g.
■jf
* Side leather1. Alphabetical arrangement within the glossary is 
according to the first word of the expression.
1.1 The Subject in Perspective
In most of its uses leather is a functional material selected as 
*fit for purpose*. There is however, a very real aesthetic factor in 
the consumer*s appraisal of shoe, garment and upholstery leathers.
These markets represent the bulk of leather sales.
For over fifty years leather has been combined with synthetic and 
natural polymers to improve mechanical behaviour and aesthetic quality. 
Penetration of the polymer into the body of the leather has greatest 
effect on the mechanical behaviour, including liquid absorption and 
transmission. liihen the application is a superficial one then the 
aesthetics of a surface coating are involved. In the process known 
as grain impregnation, polymer is applied to one surface of air dry 
leather and penetration is to a depth of about 0.5 mm, usually 
amounting to about 30% of the total leather thickness. This thesis is 
specifically concerned with grain impregnation of leather.
The process is limited largely to side upper leather and its effects
are both mechanical and aesthetic. Impregnation of a leather usually
*
improves its resistance to scuffing and abrasion, stiffens it somewhat 
and can markedly affect the breaks Both improved and degenerate 
break can result. As practised commercially the process does little 
to impair absorption or transmission of water vapour by the leather.
The judgment of break is frequently made at the completion of the
*
tanner*s processing but it is not uncommon for shoe upper leather to 
exhibit a deterioration of the break during wear. This is particularly
serious when, because of locational differences across the hide, the 
shoes in a pair behave differently and the consumer*s expectation of 
appearance is met by only one of them.
*
For the tanner the need is to select grain impregnants to give a good
initial break uhich is retained in wear. Locational differences 
*
across the side should be minimized. Success in both respects may 
help to maximize the tanner*s financial return and the consumer*s 
satisfaction with leather footwear.
At present such selection is attempted by only a feu tanners and then 
by purely empirical means. From data published in the literature it 
is difficult, if not impossible, to form a rational explanation of the 
effects of impregnants on the physical properties of the grain layer or 
to predict the break uhich is initially developed, and its subsequent 
change in service.
In an attempt to clarify the situation BLMRA has undertaken an extensive 
program of research in the field over the years 1970-75. Much of it has 
been empirical in nature to generate background information and to 
provide technological guidance to UK industry. This thesis is concerned 
with the more fundamental aspects of the work and has been specifically 
carried out by the author whilst the whole program was under his general 
control.
It is perhaps worth mentioning that the total polymer usage by UK leather
manufacturers is about 1,500 tons per annu m ^ ,  of which 1,150 tons go
into surface coatings, 200-250 tons into grain impregnation and 100-150
tons into other types of impregnation for sole leather, hydraulic seals,
* * * 
mechanical leathers and some polymer retanning of lighter weight
leathers. This is not therefore a major polymer using industry and the
polymer usually comprises less than lUfa of the weight of leather fibre -
in the finished product and frequently as little as 2-5$. The resultant
* composites* are probably best considered as polymer modified leather,
rather than composites in the sense of fibre-reinforced polymers.
1.2 Historical Background
(2)The first disclosure claimed plasticized vinyl resins as impregnants, 
but they do not appear to have been successful. The introduction of
(3)
polyurethanes gave the first viable process. The disclosures came 
in 195B and 1960 respectively, implying that the work on their 
development was done in the late 195Q*s. At that time leather
■Jt
finishing developments were primarily concerned with preventing
*x*
penetration of the finish into corrected grain leather to yield a 
uniform, smooth surface. The impregnation process, requiring of 
necessity penetration of the polymer solutions to within the grain layer, 
ran contrary to the general technological practise of the day.
The first commercial impregnants were solutions of isocyanate endcapped 
polyurethanes in hydrocarbon solvents. Their low viscosity and low 
surface tension greatly assisted rapid penetration. It was some three 
or four years before formulation development produced successful aqueous 
impregnants which would penetrate sufficiently easily and rapidly to be 
used alongside their polyurethane contemporaries.
The commercial exploitation of the process was not without problems.
(4)Early polyurethanes appeared to embrittle the grain layer sufficiently
*
that it would crack during the lasting stage of shoe manufacture.
Softer polymers overcame this problem.
The earliest research examined the factors associated with the leather 
and liquids which governed both penetration rate and ultimate depth of 
the polymer.
Attempts to relate observations of the penetration behaviour to final 
performance of the leather, notably the fineness of break, met with 
little success. Throughout the 1960*s suggestions as to the action of 
grain impregnants were many. There was almost no supporting experimental 
evidence and frequently workers were perplexed at the similarity in 
behaviours of apparently widely differing impregnant polymers.
In most objective studies the break was measured by comparison with an
■jf
arbitrary break scale. The extensibility of impregnated grain layers
was judged by lastometer measurements or failure in a double bend
(5) *
test. Baseden actually measured the elongation at break of the
grain layer during a tensile test on upper leather.
It was commonly observed that impregnation stiffened the leather but 
only a few measurements were made. The polymers appear to have received 
even less attention. They are described in classical leather trade 
terms as * hard*, ^medium1, or *soft!. The first extensive survey of the 
physical behaviour of impregnant polymers was not made until 1 9 7 4 ^ .  
Typically the polymers are extensible, low modulus materials. Elongation 
at break may range from 20Ufa to 2000^ whilst tensile strength and initial
o
moduli are of about the same order at 0.1 to 1.1 MN/m . At the start of
the present project there was no record of mechanical measurements
knowingly made on impregnated grain layers, although very recently Sophia
(7)
has reported a few such data .
2. REVIEW OF RELEVANT LITERATURE
2.1 Grain Impregnation
To the practising tanner the penetration rate of an impregnant into 
the leather is important since it controls his production rate. The 
effect of the impregnation is of even greater importance since it may 
control the selling price and hence the financial return. It is 
therefore not surprising that the earlier research concentrated on 
the location of the polymer in order to explain and hopefully predict, 
leather performance. Upgrading a hide or skin is a profitable exercise.
Studies of penetration rate came later, probably as competition increased 
the need for production economy.
2.1.1 Polymer Location
It has become customary to define polymer location by the maximum 
depth below the grain surface at which it is observable. Results are 
reported in mm or, as a proportion of some structural feature of the 
hide, e.g. grain layer thickness or total leather thickness.
The simplest method reported is the angled razor cut, immediately after
(8)
impregnation, and observation of the liquid line 1. The method is
(9)
unreliable because polymer does not penetrate as far as the liquid .
Microscopic examination of thin sections (lOOu) is much better. To 
improve contrast the polymer has been coloured by a number of techniques. 
Histological staining after sectioning is best carried out on 
specimens in which there is a junction between impregnated and unimpregnated 
leather. The polymer can be pre-coloured either with oil soluble
staines^1^  or by copolymerization with dyestuffs containing pendant vinyl
(12) (13)
groups . Casein has been reacted with triazine based dyes . The
only unequivocal method is autoradiography of tritium labelled polymers^^*'*'
but the method is very slow, typically 70 days per specimen compared with
1-2 hours by histological methods.
(15)
Christienson buffed away the surface of dry leather, noting a change 
in texture when the impregnated layer had been removed.
There is little information on the detailed deposition mode of the
(16)
polymers. Scanning Electron Micrographs suggest that fibres are
coated with polymer but retain separate identity. The work is
insufficiently extensive to preclude artifacts of specimens preparation
The interaction of macerated fibrils (1000 H diameter) with emulsion
polymer particles applied from very dilute suspensions (10 ppm) has
(17)been studied by Transmission Electron Microscopyv . The situation, 
although highly artificial shows that the surface charge on fibres and 
polymer particles may influence deposition mode. tiihen charges are 
similar interstitial deposition occurs but when they are of opposite 
polarity particles adsorb on the fibrils.
Ultra-thin sectioning of embedded leather for Transmission Electron 
Microscopy is not difficult provided that the specimens are dehydrated 
by solvent immediately after wet processing^^ . Air dry leather 
presents extreme difficulties, probably because penetration of the 
embedding medium is inadequate^^ and there is no record of the method 
being used successfully.
The final depth of polymer penetration appears to be almost independent
of formulation changes. There may be a simple explanation. Provided
penetration occurs at all in the 5-10 seconds required for a production
process, the limiting factor is probably the volume of grain layer
required to hold the applied liquid. With ten different polymers each
in four formulations, the maximum penetration depth was found to be
(21)
about 0.45 mm in every case 
2*1*2 Rate of Penetration
The disappearance time of drops of impregnants has been widely 
(22 23 24)recorded * 9 . When applied from a syringe care must be taken to
avoid a high kinetic energy in the drop. A reservoir containing a 
known amount of liquid and touched against the leather surface^^*^^ 
overcomes the kinetic energy problem. Results are recorded as weight 
loss from the reservoir in unit time. When a capillary reservoir is
used the method involves a balance of capillary attractions which may 
provide misleading results.
Drops with low kinetic energy are probably best since they are more akin 
to production methods which themselves involve a moving stream of liquid. 
They still suffer from the shortcoming that, being isolated areas of 
liquid they can spread sideways. Such movement is precluded in 
.curtain coating, padding or spraying.
Theoretical treatments have been developed, based on Washburn^s 
(27)
equation for the flow of liquids through porous solids.
I2 = % . C o sQ .r.t.
1  2
Where I = liquid filled length of capillaries of radius r, after t secs,Q 
&  and , are respectively the surface tension and viscosity of the 
liquid, and the solid/liquid contact angle.
Modifications have yielded expressions for penetration depth as a
function of time and various surface parameters of the liquids.
(23) (28)
Broun and Greif 7 used Zeisman!s concept of a critical surface energy
to obtain an expression for CosQ ( 0  = contact angle of liquid on leather)
in terms of the surface tension of the liquid <3^and the critical surface
energy of the solid leather <$c . This expression combined uith
Washburn*s equation predicts that the maximum penetration rate occurs
uhere & j is close to 6 C . Their hypothesis uas justified by experiments
using ethanol/uater mixtures, but failed uhen surfactants in uater uere
used. The failure uas attributed to soap adsorption on to the leather
fibres altering the surface tension of the liquid beyond the limits
measured in bulk.
(ll)Roque described the use of uater miscible solvents in combination 
uith surfactants to reduce the penetration time in a synergistic manner.
(22)American uorkers plotted contact angle as a function of time for 
drops of liquids on leather. With uater the initial uetting process 
uas similar at all locations on the hide but at longer time became 
location dependent. Working uith polymer emulsion they concluded that 
the penetration time of a drop did not reflect the depth to uhich the 
polymer subsequently penetrated.
Direct observation of polymer penetration rate has been achieved for
(29)
aqueous and solvent based systems . Penetrating drops uere frozen 
in liquid nitrogen and the fluid medium pumped off under vacuum. 
Histological sections uere cut and stained to allou measurement of the 
polymer depth. Plots of penetration depth versus time uere constructed 
for penetration times of 5 seconds up to 5 minutes. They uere 
reasonably smooth curves for full chrome leather, but erratic uith 
retanned side upper leather.
Mossop^30  ^ has recently restated the value of drop penetration studies
(31)as predictors of ultimate behaviour of the leather but Newitt ' has 
shown the limited value of his approach.
Almost all penetration studies have been carried out using aqueous
systems, presumably because organic solvent based liquids penetrate
(32)
so very readily. Seligsbergerv ' actually described a method by 
which their penetration could be limited. A water soluable polymer 
was applied from the flesh side to penetrate as far as the 
grain/corium junction. This left the grain layer unaffected and 
able to receive its impregnants. The barrier polymer could 
subsequently be washed out.
The extensive studies of impregnant penetration have not improved the 
understanding of the final effect. They have undoubtedly resulted 
in reliable formulations which penetrate rapidly into most leathers.
2.1.3 Physical Effects of Impregnation
The early paper of Beuchler^1^  gives excellent illustrations of the 
improvement in break and scuff resistance which can be achieved.' 
Photomicrographs illustrate the polymer location. The stiffening was 
not mentioned.
Experimental studies concerning the quantity of impregnant required 
for improvements are few and, some results appear to be in conflict.
The situation is not improved by those short discussions of the 
subject which state observed production requirements without defining 
closely either the type of leather involved or the way in which changes 
in leather behaviour were measured. It is common to report application 
rates of impregnants as g/ft of liquid impregnant ignoring solids 
content and penetration depth achieved. In the following discussion 
all reported data have been converted to solid polymer per unit area of 
leather,(g/m ). Where conversion was not possible data have not 
been discussed.
(5)Baseden J records that, using a polyurethane impregnant (Adiprene L10D -
2
Du Pont), scuff resistance was improved by application of 20 g/m and at
2 2 *
30 g/m break began to improve whilst at 60 g/m grain crack occurred.
His record of tensile behaviour has already been mentioned as the only
reported objective measurement until recently. At less than 
12.5 g/m polymer addition the bulk leather could be extended by 
60^ in a tensile test before the grain layer failed. It is not 
recorded whether it coincided with bulk leather failure as often happens 
at that level of extension. Increasing the polymer content to above 
22 g/m produced a sudden fall in the extension at grain crack to 35^ 
and the change was paralleled by an increased failure rate in a double 
bend test. There was however, no equivalent sudden change in either 
scuff resistance or break, both improved steadily with increasing 
polymer content.
(33)
Dolnickv observed that using an aqueous acrylic impregnant system,
2 2 
break improvement began at 20 g/m and that 40-60 g/m was the upper
limit which could be used. The reason for the limitation was not
specified. He also observed that, at the same rate of application,
polyurethanes’ were more effective than ’acrylics’ in improving scuff
resistance and furthermore, for different leathers different types and
*
quantities of impregnant were required. A full chrome leather would
2 ^ 
need 40 g/m of a polyurethane, whereas a Combination tanned leather
2 2 
(unspecified) needed only 15 g/m , or, 17<?5 - 20 g/m of an acrylic
(34) (14)impregnant. Donath held similar views but Landmann and Thompson
were in direct conflict with both authors. They reported that break
2 2 
improvement required 10-15 g/m of an acrylic or 30-40 g/m of a
polyurethane and the minimum level reported as necessary for a
polyurethane to improve break was 28 g/m , in excellent agreement with
Base'den’s data (30 g/m ). It seems very probable that the cause of
confusion arises from lack of understanding of how different polymers
have different efficiency in affecting mechanical properties of leather
and indeed of the mode of action.
Both Baseden,and Landmann and Thompson used extra lubricants on impregnated
grain layers to maintain improvement in break and scuff resistance
without grain embrittlement. Baseden used a 5% aqueous solution of an
■x-
Avitex surfactant, Landmann and Thompson used additional fat liquors. 
Baseden’s method appeared to be successful, that of Landmann and Thompson 
did not. There is insufficient detailed experimental work on either 
of these procedures to enable a rational explanation.
T a b l e 2.1
The stiffness of various leathers at different stages of processing.
The units are ‘mm1, an arbitrary unit specific to the test used.
Stiffer leathers have higher number values. (Data is from reference 35).
Process
Leather
After
Buffing
After
Impregnation Finished
Control (Chrome) 51.9 58.7 57.5
Chrome Retan 58.9 63.0 61.9
l/eg. Retan 62.1 65.0 67.0
Veg./chrome Retan 69.2 70.9 69.7
Numerous workers have commented on the increased stiffness of the
impregnated leathers. Prentiss and Louell^3^  used the Stubbings^6^
test to measure the stiffness of their leathers at each stage of’the
■&
processing, i.e. in the crust, after buffing, impregnation and 
finishing. A full chrome base leather uas variously retanned and 
the leathers, plus a vegetable tanned chrome retan leather treated 
uith one of three impregnants, a uater/surfactant mixture, or, 
formulations containing ’soft1 or !hard! polymer. They concluded that
i) Buffing softens leather, impregnation and 
finishing stiffen it.
ii) Water and surfactant had nearly as much
stiffening effect as the soft polymer, whilst 
the hard polymer had the greatest effect.
iii) For any given impregnation treatment the chrome 
tanned leather stiffened more.than the vegetable 
tanned material.
iv) The leathers had improved break in the order 
of treatments: uater and surfactants least,
soft polymer next, hard polymer greatest.
Although impregnation increased the stiffness of the full chrome 
leather proportionally more than the vegetable leather, the latter 
(Table 2.1) uas much stiffer initially, especially the 
vegetable/chrome retan.
Plitton^ 9 ' used very heavy applications of polyurethane impregnants
2
(up to 200 g/m dry polymer) in an attempt to achieve water repellency. 
He made concurrent observations of leather stiffness and grain 
extensibility (considered later). Leather stiffness increased uith 
increasing polymer stiffness and uith the amount applied. Although 
he does not comment, at the highest levels of polymer*add on) 
leather stiffness uas much less dependent on polymer stiffness than at 
lower levels. Slower drying after impregnation gave stiffer leather 
than more rapid drying. No explanation is offered, but it seems 
probable that uith slower drying, deeper penetration occurs thus 
stiffening a thicker layer. Degreasing the leather before polymer 
application also increased the stiffness compared uith a normally
fat liquored leather. This at least accords with Landmann*s^*^ 
observations that increased fat liquor content produced softer leather 
after impregnation.
(3 9)
Charkrabortyv ' working with acrylic emulsions and a range of wetting 
aids (alcohols and soaps) noted that the faster drying rate for his 
impregnants produced the finest break but stiffest leathers and the 
lowest grain extensibility. On the other hand slow drying produced 
softer leathers of higher grain extensibility but poorer break.
i
The conflict with Mitton s observations probably has a rational 
explanation. Apart from the polymer they carry in solution, the 
organic solvents used by Mitton would scarcely influence fibre adhesions, 
regardless of drying rate. On the other hand, when water is removed 
by forced drying, it is well-known that drying rate has a marked 
influence on stiffness just as Charkraborty observed. The extra 
stiffening is generally attributed to fibre adhesions.
Charkraborty also observed a reduction in stiffness when surfactant 
concentration in the impregnant formulation was high. Possibly a 
slight lubricant or humectant effect was operating especially if 
polyethylene oxide surfactants were used. He does not record that 
detail.
Storage of the finally dried leathers for several months apparently 
increased their stiffness and tendency to grain crack in a double 
bend test. Charkraborty accredited this to the alcohol in the wetting 
agents denaturing* the acrylic resin and causing it to embrittle.
(14)
Landmann and Thompson made similar observations with polyurethane
and acrylic impregnants. The polyurethanes probably increased in
cross-linked density with storage and produced a less extensible 
grain layer. Uith the acrylic co-polymers the explanation is not so - 
clear. The alcohol, in the wetting agent may indeed have some effect. 
Marriott and IMewitt^ ^  observed that the addition of isopropyl alcohol 
to aqueous acrylic solution impregnants reduced the elongation at break 
of free films cast from those formulations. Increased embrittlement 
with age however, probably arises from the loss of the last traces of 
plasticising water.
The only worker whose results appear to contradict the general picture 
is Sofia^^*^^. He reports stiffer leathers as having worse break.
Either he had gone beyond the limit of impregnation and stiffening 
used by others, or there is some inconsistency in his publication.
The latter seems more likely. His process details place the work in 
line with that of others but the text and diagrams of his paper are in 
conflict. Fig. 4 ref.40 is clear. Stiffer leather has worse break 
but the text (p. 280 ref 41) does not accord with the diagram. The 
text seems more likely to be correct because it quotes consistent 
numerical values for certain treatments.
The confusion concerning the extensibility of the grain layer after
impregnation makes worthwhile consideration. It is almost automatically
assumed that impregnation reduces the extensibility and on the face of
(37)it this is not unreasonable. However, Mitton^ * and Landmann and 
(14)Thompson recorded increased distension at grain crack in a lastometer 
test after impregnation but also an increased failure rate in a double 
bend test. The two findings appear to be inconsistent even within 
individual experiments. The explanations may lie in differences of 
test procedure. In the lastometer test the extension of the grain 
layer at a given distension (see Appendix I for details of the test) 
is largely independent of the leather thickness or stiffness. Furthermore 
the strain rate is low, but difficult to estimate. In a double bend 
test (Appendix I again) the position of the neutral axis will govern the 
extension in the grain layer at a given radius of curvature in the bend. 
The leather thickness and stiffness will both influence the position of 
the neutral axis. The strain rate in this test is probably 2-3 decades 
higher than in the lastometer. Both the differences in strain rate and 
the absolute levels of strain attainable, independently or in concert, 
could lead to the apparently anomalous results. There is a clear need 
for objective study of both features.
Grain crack is recorded as arising from other more readiiy explicable
causes, e.g. d e h y d r a t i o n ^ , high polymer c o n t e n t ancj stiff
(40) (42)polymer . Schoenfeld made the curious observation that
distension at grain crack passed through a maximum with increasing
polymer content and that the maximum value was greater for harder
polymers. There is no readily apparent explanation. Landmann and
(43 44,45) *
Sophia 9 9 ' showed that after pre-forming, leather treated with
Table 2.2
Leather break, before and after rolling, related 
to that of untreated leather before or after rolling- 
Arbitrary units. (Date from reference 6 ).
Condition/polymer type Urethane Acrylic
Before ’Rolling’ 
After ’Rolling1
+ 1.25 
- 0o45
+ 0.87 
- 0.87
impregnants containing alcohol/uater had a tendency to crack. Whilst 
it maybe due to lost plasticizing action (mentioned earlier) there 
may well be other reasons since G u h a ^ ^  suggested that the fault uas 
associated uith the alcohol (methanol). Mixtures of isopropanol and 
non-ionic detergent (as uetting aids) gave less tendency to crack.
Of course, the non-ionic detergent itself could have been a plasticizer. 
Guha does not comment.
The only consistent feature of the numerous studies appears to be that 
stiffer leather has finer break even though the stiffening resulted 
from a number of causes.
Break of the impregnated leather is generally judged before it has
sustained any mechanical action. This is unrealistic for a shoe leather
uhich uill be subsequently stretched and flexed during manufacture of
(14) *the shoe and in uear. Landmann and Thompson^ 1 used a boarding action
uith the grain layer innermost, to simulate flex damage. They concluded
that all their impregnated leathers, uhilst having better initial break
than untreated leather, uere degraded more by rolling than untreated
leather. Leather impregnated uith polyurethane uithstood rolling
better than uhen an acrylic uas used. (Table 2.2). The total findings
(55)
uere only partly borne out by uear trials in uhich the polyurethane 
impregnant gave much better long term appearance retention than either 
untreated or acrylic impregnated leather.
Sophia^^ used a flexing machine to produce controlled degradation and
( 21)reached conclusions similar to Landmann. Marriott et al used the 
same technique on a uider range of polymers and confirmed their laboratory 
findings in a uear trial^6 .^ These latter uorkers^1  ^ also used a 
double impregnation* technique. The aqueous acrylic treatment uas 
folloued by conventional drying and then by further impregnation uith a 
polyurethane. Appearance retention uas generally improved compared 
uith the acrylic treatment alone.
2.1.4 Opinions on the Mechanism of Impregnation
There are no formal theories to explain either the break or scuff 
resistance of leather. On the other hand there are ample published 
opinions on both subjects but they are totally unsupported by critical 
experimental evidence. That is not to say that they are incorrect and
a record of the better expounded ideas is worthwhile in guiding 
future research.
For a long time it was held that impregnation ’bound together the
grain and the corium’ rather like a glue^9,10,^6,^ ,^ 8 .^ Landmann 
(8)and Gardon are highly critical of that theory because there is
unlikely to be sufficient polymer present at the junction to increase
the adhesion between the two layers. They do however accept that
polymer can penetrate to the appropriate location. Sophia^1^
demonstrated that break improvement occurs even when the polymer does
(47)
not reach the junction. May 'still held to the theory after 
calculating, approximately, the amount of polymer present at the junction, 
but also thought that the stiffening of the grain layer uas important.
Donath/3^  suggested that leather break is a surface buckling phenomenon,
well understood in homogeneous (and presumably isotropic) materials but
not in leather. Impregnation probably alters the buckling behaviour
of the grain layer but he could not explain uhy such widely different
classes of impregnant as ’acrylics’ and ’urethanes’ should produce
similar effects. It is certainly true that most currently used acrylic
(6)
polymers are physically different in behaviour from the polyurethanes 
but perhaps when Donath uas writing, this uas not so. He did suggest 
that different penetration patterns might be important.
Urethanes gave a clean line uhere penetration ceased but ’acrylics’
showed a ’tailing-off’ effect uith increasing depth. This is contrary
(21)
to recent experiences uith current commercial systems. He further 
suggests that the impregnant changes the compression modulus of the 
grain layer, making it more nearly equal to that of the corium. No 
experimental evidence is offered. Clement^^ and Bruegel^88  ^ consider 
that the modulus of the polymer and fibres should have similar values.
This is totally unrealistic for film forming polymers since no currently 
used impregnant has an extension modulus (0.1-1.1 MN/m )even approaching 
that of leather fibres (2000 MN/m ). Clement has also suggested that 
impregnation restores broken bonds (presumably between fibres) and 
that adhesion between polymer and fibres enhances the effect. A much
■¥r •&
more plausible statement. Horsing up or plating encourage this
( 51)
adhesion. Vago and Figuli also favour fibre/polymer bonding as a
source of impregnant effects. They suggest that the polymer hinders
(52)easy movement of the fibres. Greif has suggested that too much
air in the grain layer gives rise to poor break and pointed out 
that harder polymers gave better break improvement than soft ones. 
Impregnants should be reactive (presumably uith the fibres) and of 
high molecular ueight.
(5 3)
Peterfi and Fekete' suggest that impregnation stiffens the grain 
layer and causes a shift in the position of the neutral axis touards 
the grain surface uhich in turn reduces the degree of compression in 
the grain layer giving rise to a more acceptable appearance.
It might be expected from these different ideas that qualitative 
prediction of the performance of an impregnant should be relatively 
straightforuard. Unfortunately there is ample evidence from emprical 
studies that the process is highly specific. A formulation may be 
successful on one leather and not on another. Kruger and 
bJilliams-ldynn^^ found a specificity in one experiment uhich uas not 
substantiated in later uork. G u h a ^ ^  thought that specificity arose 
from the tannage and fatliquoring of the base leather.
2.1.5 Summary of the State of the Art
Impregnation inevitably stiffens leather, increasingly stiff polymers 
and increasingly greater quantities combine to give increasingly stiffer 
leather. A mixture of uater and surfactants in the absence of polymer 
can produce stiffer leather. The increase in stiffness is apparently 
not as great as if polymer is present. By and large those treatments 
uhich produce stiffest leather also produce finest break.
There is considerable divergence of opinion as to the amount of polymer 
required to produce certain levels of improvement either in break or 
scuff resistance, or to induce serious inextensibility in the grain 
layer. The quantities suggested range from 10-60 g/m . Assuming 
penetration to a depth of 0.5 mm this is equivalent to 4-24^ of polymer 
on original grain layer fibre ueight. In certain cases impregnation 
increases grain extensibility.
The term stiffness has been used almost exclusively in a qualitative 
sense, judgments having been made by comparison uith standard pieces 
of leather.
The only record of extensive polymer characterisation by physical 
measurement is very recent. Previously the someuhat emotive terms 
’soft*, Medium1, ’hard’ had been used.
Apart from the single measurement of Baseden there is no quantitative 
data available on the mechanical behaviour of grain layers impregnated 
uith polymers.
Mechanical action degrades the appearance of impregnated leathers.
There is no evidence as to uhether this arises by softening of the 
grain layer or changes in some other part of the structure.
Opinions as to the action of impregnants are many. The ’binding* 
theory has lost favour uhilst the fibre adhesion vieupoint, seems 
more reasonable. Neither idea has any supporting evidence to date.
2.1.6 Specific Considerations of Leather Break
Visually, break appears to be due to buckling of part of the leather
structure but the buckling must in some uay be restrained by the
adhesion betueen the buckled layer and the remainder of the leather.
Perhaps the nearest situation to receive mathematical treatment is that
(57)of a beam on elastic foundations, by Timoshenko and Gerev . When a 
bar, mounted on elastic foundations, is compressed along its principal 
axis, it buckles into a sine uave and the number of half uaves into 
uhich the bar divides, M, is given by;-
M 2( M + 1) = P I4 
n 4 Ei
uhere P = modulus of the ’foundation*
I = length of the bar 
E = Elastic Modulus of the bar
I = 2nd moment of area of the bar’s cross-section
If this is relevant to leather, then a greater value of M means finer 
break and a decrease in E or an increase in p uould change M in the 
correct direction. On the other hand the evidence of the literature 
suggests that impregnation gives a stiffer grain layer (greater E) but 
still produces finer break (greater M). The effect on p is unknoun.
_ --  Hixbiuyiapii uv mascerated fibrils from the
grain layer of full chrome leather. Stained uith 1% 
Uranyl Acetate. Carbon coated grid support. The 
small uhite spheres are particles of a crosslinked 
polymethylmethacrylate emulsion polymer added to give 
comparison uith the size of emulsion particles used in 
the remainder of the uork. (Scale bar = 0.1 /jm)
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Fig. 2.2 A diagrammatic representation of the structural units 
of leather.
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oj.ccu.j-y a oj.iup.Ltj uau ur ilmosnenKo1 s derivation is unlikely to succeed 
and indeed there is no record of any attempt to apply it to the predication 
of leather break. It uas recognized that the situation is likely to be 
complex and that prediction of break uas beyond the scope of the present 
uork. There is a short appraisal of the situation in the Discussion, 
section 6.4 houever.
2.2 Structural and Mechanical Features of Leather
2.2.1 Structural Units
It is uell recognised and visually obvious that leather comprises a netuork
of tightly interuoven fibres (Appendix I) but it is not at once obvious that
there is a multiplicity of states of sub-division in the ‘fibres*. It is
better to describe the visible units as fibre bundles. They may be up to
1 mm in diameter and of indefinite length* The fibres of uhich these
bundles are composed are themselves bundles of fibrils each about 1000 8 in
diameter and also of indeterminate length. Fibrils can be easily prepared
by maceration of fibres and transmission electron microscopy shous their ■
(58 59)
main features ’ . There is a characteristic banded pattern in collagen
fibrils uhich have been heavy metal stained (Fig. 2.1). The dark lines are
separated by about 640 8 and X-ray spectroscopy has identified them as
associated uith a more fundamental unit than the fibril^61^ . This unit
is the tropocollagen molecule, a triple helix arrangement of smaller \
molecular chains, uith an overall length of about 2800 8 , a diameter about
14 8 and aymolecular ueight of about 300,000^^. Such molecules pack
together uith a 15% overlap resulting in the 640 8 periodicity seen in
electron micrographs. In fact there is probably a small gap betueen the
ends of adjacent molecules and uhen vieued in cross-section, they are
( 63)
arranged in groups of five to form a microfibril .
Fig. 2.2 diagrammatically represents these various elements of the structure.
The value obtained for the real density of collagen depends someuhat on
the method of measurement. It is generally taken as 1.44 based on gas
(63)
absorption data of Flitton
2.2.2 Mechanical Behaviour of Fibres
H a l l ^ ^  examined the tensile behaviour of rau collagen fibres. He 
attempted to fit the theory of rubber-like elasticity to the stress strain 
curves. By suitable modification of Frenkels equation he obtained a good 
statistical fit of data to theoretical curves. Houever, the value of C, 
the initial length of a molecular chain became negative for good fit.
This is clearly impossible. In later uork^5  ^ he recorded load as 
a function of temperature at constant length and, using the Uiegand-Snyder 
equation, calculated internal energy and entropy contributions to the 
retractive force. Entropy values uere too small to allou acceptance 
of a Trubber-likq*; theory and increased uith increasing strain. This 
is not to be expected but has apparently been noted uith certain rubbers. 
The generation of j*loose ends*.i by molecular rupture uas not considered.
Highberger^6  ^ has pointed out that the tensile strength of collagen 
fibres based on the rupture energy of carbon-nitrogen bonds (the ueakest 
in the chain at 48.6 Kcals/mole) uould be about 2.9 x 10^ PlN/m^ rather
o 9
than the observed 1.2 x 10 Fli\l/m .
The first studies of tanned fibres uere made in 1926 by a Suiss uorker^^
closely folloued by Russian studies^^. Mitton^^ made extensive 
studies of the influence of moisture on the dimensions and torsional 
rigidity of fibre bundles. Fibres stressed in a saturated atmosphere
uere dried in the extended state. Removal of the stress resulted in
some contraction but not to the original length. Subsequent exposure 
to saturated air uithout stress produced an initial increase in -length 
folloued by a contraction to belou the original dried extended length.
A relaxation process uas suggested involving absorption of uater at 
sites of hydrogen bonding betueen molecules.
An equation uas derived uhich satisfactorily fitted the data using the 
hypothesis. In tensile tests he concluded that:-
i) The tensile strength of fibres uas about 50-100 Ml\l/m
ii) Elongation at break uas about 12%
iii) The fibres obeyed Hookes Lau only approximately.
The load extension curve is accurately represented by E = aPn,
E = extension, P = load, a = 1.06, n is slightly greater than one
Conabere and Hall^70  ^ tested fibres on a dynamic tensometer and recorded 
almost linear stress response but uith some 1 steps* in the curve uhich 
they attributed to rupture of individual fibres in the bundles. Rupture 
loads uere about 150 g at extensions of 21-28%. In other experiments 
they made studies at louer strain rates, induced by a constant rate of 
load increment of 0.75 g/s. They found again linear stress response
up to 40 g loading from uhich the fibres uere alloued to recover.
Recovery uas not proportional to time and there uas permanent set.
Repeated cyclic extension produced rather less permanent set than in 
the first cycle. Increasing the load beyond the limit of the first cycle 
value increased *set* again. About 21% of the initial extension uas not 
recoverable.
It uas confirmed that thinner fibres uere stiffer than thick and Young^s 
2
moduli of 400 FlN/m uere recorded. The permanent set uas attributed 
to slippage uithin the fibres.
(71)
Crompton tested fibres clamped betueen jaus rather than glued to 
hooks. Statistical analysis demonstrated that *jau failures* did 
not increase experimental error. Tanning uith increased levels of
■3f
formaldehyde increased the shrinkage temperature but caused a decline 
in tensile strength. Chrome tanning also increased shrinkage temperature 
but did not reduce fibre strength.
(72)
Nice' demonstrated that tanning fibres under tension increased their 
strength much as is the case uith bulk leather. Houever, loads 
approaching the breaking load of many fibres uere needed for maximum 
strengthening, in bulk leather therefore the effect of tension tanning 
is most .likely due to fibre orientation.
(7 3)
During the 1960*s Morgan' made extensive and detailed studies of tensile 
behaviour. Tanning reduced the strength of rau collagen fibres.
Thinner fibres are stronger than thick. Tanned fibres did not obey the 
classical relationships of stress to strain, furthermore there uas a lou 
modulus region at lou strain (belou 1% extension) uhich uas attributed 
to straightening of molecular chains. He did not consider decrimping
(19)
of fibrils but in vieu of recent electron micrographic evidence this 
must be seriously considered.
It is clear that fibres of tanned collagen are strong, but not elastic. 
Their plastic nature probably arises from slipping of either protofibrils 
or tropocollagen molecules and almost certainly involves exchange of 
hydrogen bonding sites on the collagen, since plasticity is increased 
by the presence of moisture. There appears to be some conflict of 
opinion over the shape of the load extension curve especially uhether
.Table 2.3
2
The Youngs Modulus (MN/m ) of variously tanned single fibres 
obtained from bending stiffness measurements on fibres tested at 
20%> RH or 65%a RH. (Data from reference 74).
Tannage Chrome Vegetable
Tan level Lou High Lou High
R.H-
at
Test
20% 209 308 370 545
65% 148 141 291 ’ 533
may cause differences especially where slow loading rates are used.
Recently Abrahamson and Uilliams-liiynn have studied the bending^  ^ of
(75)
fibres and their frictional behaviour against metal and leather.
Direct fibre-fibre frictions are not measured because of very poorly 
reproducible results.
Vegetable tanned fibres were stiffer than full chrome and the difference 
increased with increasing tan content (Table 2.3). Both lubricant and 
moisture reduce stiffness, increasing moisture content had a greater 
effect on full chrome fibres than on vegetable tanned.
Young*s modulus calculated from the bending data were 0.1 to 0,2 those
(73)obtained by Morgan from tensile tests, presumably reflecting the
rolling of fibres one over the other in the bending of a bundle. There
is no comparable tensile data on the effect of lubricants but, they have been
(76)
shown to have no effect on extension set and recovery suggesting that 
there is little or no gross fibre slip in a tensioned bundle.
Most of the results of frictional measurements were predictable.- • Increased 
oil content, higher temperatures and higher moisture content decreased 
friction against a metal mandrel (moisture had greatest effect in the 
absence of oil). Even so overall effects were small, 14$ change in u 
values of about 0.077 for the biggest effect.
Friction against metal was approaching an order of magnitude less than 
against leather (u = 0.077 against p = 0.38). Type of tannage had no 
influence on p against metal but on leather, vegetable tanned fibres had 
p values 28$ less than their full chrome equivalents. Surprisingly oil in 
the fibres increased their frictional resistance against leather. This may 
have been due to an increased area of contact and * bedding in* of fibre to 
leather. There may also have been forces of surface tension or even adhesion 
due to oxidized oil layers. l\lo clear explanation is available.
2.2.3 The Fibre Network
In a tensile test leather will generally extend 30-120$ before rupture.
Since fibre extension rarely exceeds25$ at rupture there must be a very 
considerable network effect in which fibres are redistributed by stress 
and presumably align themselves along the axis of stress.
It has long been recognised that the fibre pattern of a leather can 
be influenced by processing and has a direct influence on service 
performance. The convention is to consider the angle between fibres 
and the outer surfaces in a section cut perpendicular to the surfaces.
It is also usual to align the plane of the section along the line of
•X-
the hair follicles.
The majority of shoe upper leather has a ’weave angle1 of about 45°.
Sole leather has a much higher angle (more nearly vertical). On the 
other hand a belting or ’roller1 leather needs a very low angle of 
weave to reduce plastic deformation by network extension (see Appendix I). 
Generally,low angle of weave gives high modulus low extension leathers, 
high angle of weave give low modulus high extension leather,all other 
things being equal.
Such generalised observations ignore the unattached fibre ends which
may be generated when leather is split for the purposes of thickness 
(77)
control. Zybin demonstrated that with sole leathers the ’loose ends’ 
amount to a layer about 0.1 mm thick. It is to be expected that in 
softer leathers with greater fibre mobility,this is an underestimate.
The presence of lubricant or interfibre adhesions greatly influence
(78)
fibre mobility, and subsequent stress response. Wilson illustrated
clearly that increased oil content gave increased tensile strength and
(79)
elongation at break. Craske showed that tear strength could also 
be increased by increasing oil content. It is however possible to 
introduce too much oil, especially mineral oil, which reduces tensile 
strength. The leather is best described as ’soggy’ at that stage.
Increased tan content can weaken many leathers, especially in tearing 
but the mechanism of this action is uncertain. The literature abounds 
with description of the influence of process variables which influence - 
strength of leather. They can probably be rationalised into three 
groups. Those variables which:
i) reduce fibre mobility and thus increase local 
stress concentration on fibres,
ii) actually weaken fibres, i.e. by degradation,
iii) produce an increase in leather thickness (without
increasing fibre content) and thus reduce stress limit 
per unit cross-section area.
Reviews by Spiers^°U  ^ and Mitton^01  ^ cover these aspects of leather 
physics.
The load/extension curve of many leathers can be fitted by a Power Law 
of the form
cr = KEn
but there are few serious attempts to analyse the mechanics of 
deformation. The concept of a trellis-like1 network was discussed
/ Do\ /
qualitatively by Gordan-Lloyd and Conabere .
For a tensile test, Mitton^9  ^ considered the extension of fibres 
inclined at an angle to the direction of stress and assuming:
i) No lateral contraction in the test piece 
up to break.
ii) A random distribution of angles of inclination 
of the fibres.
iii) That specimen rupture occurred when the fibres
aligned along the direction of stress reached their 
breaking extension,
he calculated that the tensile strength of the fibres P was given by:
P = 5. T. A
where T = tensile strength of the leather
A = apparent density of leather
R = real density of the fibres
There are two self cancelling errors in the basic derivation (ref.69)
which in no way invalidates the conclusions.
2
The calculated value of P at 196.2 FlN/m was in tolerable agreement
2
with that obtained from single fibre measurement (98.1 fIN/m on leather 
of a tensile strength of 21.6 MN/m ). It must be stressed that the 
closeness of agreement is critically dependent on assumption (i) which 
just happened to be nearly true for his leather. That is a very 
unusual situation.
( R A R R ^
From acoustic emission studies Toth 9 demonstrated that assumption 
(iii) is not generally true (although he does not mention Mitto^s work). 
He was able to calculate the number of fibres per unit area of cross-
section breaking in unit time. There is an increasing failure rate
as rupture is approached. The distribution curve resembles half of a
Gaussian curve. Testing rates were of necessity slow to allow adequate
5 2resolution. It was estimated that at rupture 5 x 10 fibres per cm 
failed. The total cross-sectional area of fibres failing in a test 
was in agreement with Flihailov*s^^ data at 0.7 - 1.7 x lO^cm2 for 
various types of leather. There is no indication of the probable 
diameter of the fibres.
{87)
Shestakova and Shneyderovich developed a model in which the * angle 
of weave* of the fibres was estimated from the ratio of secant moduli 
at a given strain and at break (when the angle of weave is assumed to 
be zero).
The angle of weave 0 is related to extension by:- 
0 = a + bE
values of a ranged from 0.98 to 1.33 and b from -0.87 to 1.84.
In recent years the rheological behaviour of leather has received 
considerable attention as concern increased about foot comfort in 
leather and non-leather footwear. Cyclic tensile deformation studies 
have been used to simulate the walking stress in a shoe. Stress 
relaxation has been studied as an indication of the decay of a fitting 
stress.
The plastic set of leather under the influence of moist heat was
(88)
extensively reviewed and studied by Butlin in connection with 
shaping of shoes. More recently attention has centred on strains of 
up to 5% in tensile tests. Upstone and liJard^^ claimed that some 
leathers have very low moduli in the Q~l% extension region and that 
much of the deformation was elastic. flitton and P r i c e ^ ^  confirmed 
a low value of Young*s modulus, but not elastic response.
(9l)Poppelwell and Uard reported stress relaxation rates of leather as
linear with log time over many hours. However, on a shorter time
(92) (93)scale Guy and Shestakova and Kalinina used various forms of
(94)Nuttings empirical power law to get best regression fits.
By cyclic stressing of strips Hillv’/°/ characterised a number of shoe
leathers, whilst King and Pickering^88  ^ using a similar technique came
to more specific conclusions. Heat set leathers required greater
stress than unset to attain 5% extension. Hysteresis effects are
increased by setting. In general the first extension produces a
large permanent set (up to 50^ of the original strain) and large
hysteritic losses. Subsequent extension introduced little extra set
(97)
and there is less hysteresis. Whittaker has shown that many shoe 
materials, including leather show a unique relationship of hysteris to 
energy input in the first cycle.
U = 1.5 H°*88 
U = Energy Input, H = Hysteresis
Van Vlimmeren^98  ^ linearly extended strips which had been linearly heat 
set with constraint on their lateral contraction. The deformation load 
was almost linear with log (number of deformations).
(92)
Guy / has suggested from scanning electron micrographs of strained 
samples that at strains below 10%, deformation is entirely at the sub­
fibre level and only above 1U% strain does network disruption occur.
The micrographs are of a cut edge and may not be representative of 
the bulk behaviour.
(99)
Textile workers believe the opposite sequence to occur in woven 
fabrics and in view of the similarity between the load extension 
curve of woven textiles and many leathers there must be a strong case 
to adopt a similar model for leather. On the other hand private 
inquiry^88  ^ suggests that Guy used a leather with a high initial 
modulus, decreasing with extension. This could be explained by a 
series of strong interfibre bonds which successively rupture as strain 
increases. In that case, little network translation would be expected 
at low strain just as Guy suggests.
It is generally agreed that leather exhibits large plastic deformation 
during the first strain cycle, with permanent set. Plastic deformation 
decreases in subsequent strainings and permanent set increases only 
slowly.
Although there is general agreement on the nature of leather rheology 
there are still a number of points of conflicting evidence. The cause
may well be the precise nature of the forces between fibres in 
differently prepared leathers. A full understanding of these forces 
and an adequate mathematical network model would probably resolve the 
apparent anomalies.
2.3 Bovine Grain Layers
Optical microscopy^181  ^ shows that the grain layer of bovine leathers 
consists of fine fibres ( < 1 0u diam.) interwoven and penetrated by 
hair follicles. Its thickness depends on the age of the animal and
process history. Skins of young animals have thin grains (c.a. 0.3 mm) 
representing about 20^ of total thickness, whereas in older animals 
it is typically 0.5 mm thick but about the same proportion of the 
total leather thickness. Impregnation is generally used with the hides 
of these older animals.
There are rather less published data on the mechanical properties of 
thin grain splits than for bulk leather but the general behaviour 
of the two materials does not appear to differ greatly except in 
tearing. The grain layer has a lower inherent tear strength (per unit 
thickness) than the corium or leathers containing a substantial 
proportion of coriun/182^. Many early studies concluded that the grain 
layer had no usable tear strength ^"*'883''*'8^  and by extrapolation from 
data obtained on thicker leather Kanagy^88  ^ specifically concluded 
that grain leather had *zero strength1 at finite thickness (0.5 mm) 
and furthermore that this *zero strength* thickness was fairly constant 
across a hide. It is quite apparent that his error lay in wrongful 
extrapolation. Mitton^88  ^ reached similar erroneous conclusions. 
Probably the commercial situation of the day led them to consider that 
any tear strength below about 5 kg was of no practical use whereas 
today 1-2 kg is considered acceptable for clothing leather. It seems 
unlikely that either of them really meant that the grain layer was 
reduced to dust by excessive fibre cutting when split to 0.5 mm.'
Kanagy also concluded that, both tensile strength and breaking load 
decreased linearly with decreasing thickness^88^. Maeser^8^  points 
out that this is impossible and in a fairly extensive study of two 
leathers demonstrated the coherence of the grain layer down to 0.1 mm.
Fig. 2.3
Stress-strain curves of isolated grain layers of ten different 
leathers (reference 109).
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As leather thickness was reduced to 1.5 mm, tensile strength declined
2 2
from about 12.4 flN/m to 8.3 PIN/m . Thereafter down to 0.1 mm it 
remained constant. Furthermore the coefficient of variation of the 
data was nearly constant over the range of thicknesses studied. In 
corium splits of the same leather, strength decreased rapidly below
2.5 mm thickness and was effectively nil at 0.75 mm. The coefficient 
of variation rose rapidly with decreasing thickness.
Brooks and Liard made load/extension studies of grain splits up to
10% extension. They attempted to relate their moduli to the break of 
the leather but failed. From ten different leathers, the grain layers 
of five had indistinguishable stress response up to 10%o extension, 
with moduli of 17.5 - 19.5 MINl/m . Of the remaining five, two had moduli
O  o
of 30 - 40 MN/m and the remaining three of 60 - 70 MN/m (Fig. 2.3). 
Clearly a wide range of stiffness is possible but the lower value is 
most common. liiith hindsight it appears likely that the stiffer grains 
came from impregnated leathers, since they were all commercial products. 
Brooks^"^^ did not differentiate. The biggest differences in behaviour 
were between samples of the same skin taken at the raw or bated stage 
and from subsequent tanned, fatliquored, dried’ and staked specimens.
In two calf skins the flank region had stiffest grain splits but the 
butt-belly differences within a skin were smaller than between skin 
differences.
In any study of isolated grain layers there must always be some doubt 
as to the changes occurring during the physical removal of the split. 
Brooks^09  ^ was particularly aware of this. Caughley and Lihite^1^  
suggested that the grain layer is naturally in tension. Two pieces of 
evidence are cited:
i) Leather generally curls grain side in when 
it is dry
ii) The grain recedes rapidly from a cut edge.
They attempted to obtain quantitative data by splitting off the grain 
layer and measuring the difference in area between the isolated grain 
layer and the piece of leather from which it was taken. There were no 
conclusive results.
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Stress strain curve for a soft upholstery leather and the qualitative 
shape of curve for a woven fabric predicted by Olofsson (reference 99), 
drawn to the same scale as the genuine leather curve.
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Mitton and Price^90  ^ demonstrated conclusively that the grain in dry 
leather can be in tension. In a tensile test their leather showed an 
initial very low modulus region up to 1% extension. By making cuts in 
the grain layer perpendicular to the long axis of the test piece the low 
modulus portion was removed. Cuts made parallel to the long axis had 
much less effect. Drying leather with the grain under compression 
produced a greater initial modulus than when it was dried with the 
grain under tension. No attempt was made to relate their findings to 
different commercial drying practices. It is fairly clear from the 
literature that the grain layer is inherently strong, coherent and the 
topographical variation in mechanical properties is probably less than 
for leather as a whole or for any other layer.
2.4 Other Fibrous Network Structures
2.4.1 Woven Textiles
The network is highly organized and can be defined in many cases by 
fairly easily measured parameters. Classical work by P i e r c e u s e d  
a geometric model involving nine parameters, four of which are independent. 
It is usual to choose lw, If, pw, and pf. (iw and If = thread length 
between warp and weft thread centres respectively, pw and pf = linear 
distance between warp and weft threads). Olofsson^'^ has taken a 
different view. The geometry has been derived from the forces acting 
on the yarns in the fabric and the yarn bending stiffness becomes a 
central parameter.
It is generally accepted that at low strains (up to lUfa depending on the
fabric) tensile deformation involves decrimping of yarns and sliding of
the yarns one over the other. Damming then occurs and fibre extension
becomes more important. The idealised force-extension curve for a
fabric bears a strong resemblance to that of some leathers, particularly
those of high oil content (Fig. 2.4). The analogy cannot be taken too
far because in cases of extensive fibre slippage the bending stiffness
of a fabric is proportioned to its thickness (t) and shear resistance 
(113)independent of tx . Where there is no slip the usual proportionality 
to t and t respectively is observed. (Leather falls closer to the 
*no slip* than to the 1 no restriction* case in bending. Shear data are 
not. available).
01ofsson!s principal Theological model for a woven fabric (reference 99).
crs
crp
Ep
E = Fibre Elasticity
Ep s Post Yield Hardening 
a- s Body Stress 
crs = Fibre Sliding Stress 
crp= Fibre Plastic Stress
Bending hysteresis^1^  curves have been explained in terms of. elastic 
and frictional components. There is also a plastic element associated 
with the fibres themselves and to account for this .Olofsson^^.^ has 
proposed a general purpose rheological model in which a frictional 
element is parallel coupled with, a spring in: series with a second 
parallel spring/friction element (Fig. 2.5). Until the frictional 
restraint has been overcome there will be no deformation. Once 
deformation has been produced it will only be partly recovered as 
friction locks the remaining stress into the fibres. Grosberg and 
co-workers have obtained supporting experimental evidence for -such a 
model from cantilever bending^116  ^ and buckling studies^1'1^ .. Much of 
the interfibre frictional force arises during, weaving from, the need to 
bend previously straight yarns into a crimped configuration. The 
tighter the weave the greater the force. To a good approximation
the value of the force can be calculated from the cloth geometry.
ry
Interfibre force V = 16 m Sin 9/p
m = bending modulus of the yarn
p = spacing between the cross threads
9 = angle of weave
Chemical ’setting1 and ’finishing’ operations also have a major 
influence on fabric properties.
On the whole however, studies of highly geometrical woven textiles are 
probably not of great direct relevance to leather problems, although 
Woodruff and G i l b e r t u s e d  fabrics as a crude means of assessing 
the fibre cementing effect of various vegetable tans.
2.4.2 Irregular Fibre Networks
Although woven fabrics represent a large proportion of fibrous networks 
they have in common a regularity of geometry introduced by the weaving - 
process.' On the other hand a number of different industries are founded 
on more or less random arrangements of fibres. Leather, paper .and 
non-woven fabrics are probably the most important ones.
Theoretical considerations of such networks are frequently traced back 
to C o x ^ * ^  who described the tensile deformation of impregnated paper 
using the concept of a random array' of fibres.
In fact Mitton*s^^ earlier treatment of leather was a specific case 
of Cox*s more general consideration and can be derived easily from 
equation 29, page 76 of reference 119.
The general assumptions of Cox*s method are:-
(i) The fibres are long, thin and -straight. They extend-, 
in one straight line throughout the whole of the 
material and they are only loaded at their ends.
(ii) Fibre flexural rigidity is negligible and the fibre ' 
therefore only transmits loads in tension.
(iii) No fibres are in compression. This can be met
if it is assumed that the whole mat of fibres is . 
subjected to biaxial or triaxial tension
.His derivation considers a planar mat of fibres subjected to strains 
e^ and in two directions at right angles and a shear strain $ 
between those directions.
The strain in a fibre inclined at an angle 8 to the direction o'f- the
strain e^ has two components due to and e2 and a third due to
The total strain e^ is given by
2 2 
e^ = e2. ^os ® + e2 ® + $ Sin Cos .-8
The load in this fibre is given by '
, l f  ='Flf ef B
Where FL = fibre modulus and B = fibre cross-sectional area.
f . '
The contribution to the loads in the two directions e^ and e^ will be 
1^ Cos 8 and 1^ Sin 8 respectively.
The number of fibres (N^) crossing unit- length-of a line perpendicular 
to e^ is f(8). Cos 8 where f(0) defines the frequency of incidence of 
fibres at an angle 8 to e^. Similarly the number crossing a line 
perpendicular to (N^) is given by f(8). Sin 8 .
To predict the stress strain curve of the network it is necessary to know
i) The total fibre density
ii) The distribution function f(8) 
iii) The fibre modulus
For a solid mat of fibres, not infinitely thin, a second function 
f(0 .y ) is needed where y is the angle of the fibre to the plane of the 
mat, 0 is already defined. For a random arrangement of fibres f(Q,V ) = 
Sin 0. Introducing the strain e^ in the third direction, the total force 
in the e^ direction becomes
K / N
1 5 ^el + ~2 +
where K = FL.D,, f f
D^ . = number of fibres per unit volume and can be given 
by the ratio a/R, where A = apparent density of 
the mat and R = real density of the fibres.
If e^ = = 0, then the equation reduces to that deduced by Flitton (1945)
for leather.
The general approach was extended to cover resin bonded paper since 
this solved the problem of stress transfer from one fibre to the next. No 
consideration was taken of the case where fibres are only bonded at their 
ends, presumably because it was not obvious what kind of structure would 
fulfil this criterion.
2.4.3 Paper
This section of the literature review is not meant to be exhaustive but 
covers principally the attempts to predict mechanical properties of paper
from theoretical studies of networks. For wider, more general reviews,
(120) (121) 
those of Kubatv 7 and Corte have been found useful. In more detail,
(122)the proceedings of the Oxford Conferencev 7 on paper can be consulted.
Paper is an array of short fibres, 1-4 mm but their length is 100-1000 
times greater than their diameter. The fibres are held together by 
powerful hydrogen bonds. There are different views on the extent to 
which strain energy is stored in fibres between the bonds, or within 
the bonds themselves.
Studies of the statistical geometry have yielded important data about
(123)
the arrangement of fibres. Kallames and Cortex 7 derived expressions 
for the number of fibre centroids per unit area of a *2 dimensional* 
sheet and later extended this to a multiplanar or *3 dimensional* sheet.
They were also able to deduce the Relative Bonded Area and the number of
fibre centres per unit area. Both values agreed very well with 
actual experimental determinations. The concepts were used to predict 
the number of fibres failing at a given extension in a sheet. Using 
hand-made sheets of very light weight (2.5 g/m2), Corte et al^12^  
demonstrated good agreement between theory and the values deduced 
from acoustic emission data. The discrepancies of about 10-15$ 
depended on the exact nature of theoretical assumptions, in particular 
the number of zones in which fracture was assumed able to occur. In 
their specimen, 1.5 cms long by 1 cm wide, the zones’ran perpendicular 
to the long axis. Either 14 or 15 were used in the calculations.
The former gave too high a value for the number of fibres failing the 
latter gave too low a value. Obviously the specification of the width 
of a failure zone is critical.
Numerous workers have attempted to predict Young*s modulus and Poisson*s 
ratio from fibre properties and their geometric arrangements in a paper 
sheet. Two separate approaches have been used which differ only in one 
assumption. The * Constant Strain* theory^125  ^ considers that the strain 
in an element is the same as the axial strain in the specimen, allowing 
for angular orientations of the various fibre elements. . The^Constant 
Force* theory^2^  assumes that the tensile force is transmitted from one 
end of the specimen to the other via a chain of fibres, in each of which, 
the component of the force paralleled to the applied force, is the same.
(127)
Kallames et al have considered both theories and using well
developed forms which take account of the extension in fibres and bonds;
bending, straightening and shearing of fibres; they concluded that the
constant strain theory was the best approximation of the experimental
data. Even so it gave a Young*s modulus which was higher than
experimental whilst the constant force approach gave values lower than
measured. There appears to be a particular difficulty with the constant
force theory. Each fibre inclined at an angle 9 to the tensile force,
F, must have an axial force F Sin 9 extending it. According to Ranger 
(128 )
and Hopkins however, there is a body of evidence suggesting that
some fibres must be in compression and indeed there will be some buckling.
In Litt*s^2^  original constant force treatment he concluded that
Poisson*s ratio became negative as the sheet density approached 1.4,
(127)
however, Kallames points out that this is due to ignoring shear
in the fibre. When taken into account the sign inversion does not
occur. Despite Kallames criticisms Litt*s theory fitted data from the
(129)
work of other authors and it is therefore uncertain whether such
agreement was due to the fortuitous exclusion of shear effects in the 
theory or whether Kallames data was obtained from paper unsuited to 
Litt*s analysis.
Nissan and Sterstein^'3^  have produced a third approach. Reviewing
a number of critical experiments on the nature of bonds between cellulose
fibres, they conclude that hydrogen bonding is the only major force.
Such bonds are formed at contact points between fibres but they question
(131)
the validity of Page*s' view that optically visible contact areas
2are true contact areas. This is an overestimate by a factor of 10 .
By considering each hydrogen bond as comprising three sections:
i) The 0 - H bond
ii) The H —  0 - H bond
iii) A rigid rod connecting bonds together
they deduced the force required to strain the various bond sections in 
terms of the Potential Energy function of the bonds, without any reference 
to the geometry of the system or the size of the fibres, other t'han 
assuming a random distribution of bonds. The value of Young*s modulus 
thus calculated was:
E = 7700 ( ^
n = number of bonds per unit volume of the material. This is in
n A
excellent agreement with E = 7600 (— )3 obtained empirically by their 
re-analysis of the experimental data from other sources. There must 
however be some reservations about the general validity of the approach 
because it is well-known that fibre geometry plays a considerable role 
in determining the stress response of paper.
2.4.4 Non Woven Fabrics
The technology of such fabrics is very extensive and is well covered 
(132)
by Lennox-Kerr up to about 1970-71. They can be classified broadly
as bonded or non-bonded. The latter can be made from continuous filament 
yarns or staple fibre and in either case it is usual to give mechanical 
strength by a needle punching operation which produces *pegs* of fibres 
transverse to the plane of the sheet. The result is a felt-like 
sheet. There is little theoretical background to their mechanical 
properties.
Bonded non-wovens are usually prepared from staple fibre which has 
been laid in a random sheet form or, as crossed plys of largely 
orientated sheets. The fibre web is impregnated with extensible polymers 
of various kinds which produces bonded points between fibres. This type 
of structure has been widely described and has been the subject of 
theoretical considerations from several schools.
The major differences from paper, are greater interbond distances and 
frequently thicker fibres. There is also a high likelihood of fibre 
curl and complex distribution functions for fibre orientation depending 
on the method of manufacture.
In early studies Backer and Petterson^13^  predicted the strain in a 
fibre by the expression
e^  = e1(Cos20 " 2
(nomenclature as before, jj^  ^ = Poisson*s ratio in the 1.2 direction).
The term due to shear was excluded when the axis of symmetry of the 
fibre orientation distribution function lay along the extension axis e^. 
The strain in the e^ direction is taken as negative. Values for the 
stress CTn and o~ were calculated as a function of e , e and U .
-*• JL Z Z
By suitable manipulation and assuming uniaxial loading only in the 
direction of e1 an expression was derived for u in terms of the
J- JL • A.
geometry of the fibre network. Initial experimental measurements gave 
poor agreement with theoretical values of u but a considerable
J. •  z.
improvement was achieved by increasing the binder content which was 
considered to reduce unaccounted fibre buckling.
Michie et a l ^ 3^  demonstrated the dependance of fabric properties on 
fibre properties but no theoretical considerations were invoked.
Stiffer fibres gave stiffer fabrics. In a later paper Michie^33  ^
demonstrated that tensile tests with zero jaw span gave a good indication
of the efficiency of fibre bonding. A rapid rise in strength with
decreasing jaw separation is associated with increased jaw clamping of 
a poorly bonded network. In a perfectly bound system the increase in 
strength would have been much less and associated with decreasing weak 
spot incidence in the test pieces.
Hearle and Stevenson^1' ^  made detailed studies of the angular fibre 
distribution function for a number of fabric constructions which they 
subsequently utilized in calculation to predict the stress-strain curve 
of several fabrics.
Ignoring shear stress by assuming orthotropic b e h a v i o u r t h e y  derived 
fibre extension as a function of fabric strain. In the simple case for 
low strains, the fibre extension e^ is given by
e^ . = e^ Cos20
At larger strains where Poisso^s ratio is u, they obtained
Bf> = [ (l + e^2) Cos28 + (l - Sin20 ] 2 - 1
The reasoning was similar to that of Backer and Petterson but the 
derivation was more exact by allowing for fibre rotation.
The concept of a curl factor ( c) led to the definition of curl in a 
fibre as the ratio of arc length to chord length in a section of a 
fibre which was part of a circle. They further assumed that straightening 
a curved fibre did not strain it and therefore required no force. 
Additionally it was pointed out that the curl factor may not be-constant 
at all values of B and a distribution function (C) may be needed.
In the simple case of small strains the fibre strain was deduced as
ef = (l/c) [6 ^^ Cos2B - (C - 1)]
and at large strains as
ef = (l/c) [(1 + e^ 2 Cos2B + (l - J^ ) 2 Sin20]* - 1
The fabric stress is obtained by summation over suitable intervals of 8 , 
usually 10° and a theoretical stress strain-curve can be obtained.
The value of C can also be linked to the value of B. The fibre stress- 
strain curve need not be linear.
Theoretical stress strain curves agreed well with experimental up to 
fabric extension of 1.5$ but then gave values which were too high.
The main cause of discrepancy probably arose from assuming bonds to be 
at least as strong as fibres when they are not. Introduction of a 
stress limit in the fibre overcame this difficulty to some extent and 
improved greatly the agreement at higher strains. The most serious 
approximation was considered to be ignoring bond extension. Its importance 
was difficult to assess.
The validity of using a limiting stress in the fibre at higher extension 
uas also considered questionable, unless it could be assumed that after 
bond failure, the fibre uas pulled through a dollar1 of polymer, in 
uhich case the fibre stress uas quite likely to remain constant.
It has also been shoun that fabric initial modulus uas proportioned to
the product of the fibre modulus and the binder modulus to the pouer .
(119) (139)
The predictions of Cox , and Hearle*s earlier uork uere borne
out over a larger range of fibre moduli than previously studies.
Hearle and Neuton^^^ studied the influence of the binder on mechanical 
properties. The initial modulus of the fabric uas proportional to 
binder content and at constant binder content, uas proportional to 
binder modulus. Binder contents uere limited to 40^ of final fabric 
ueight, i.e. 66.7^ on fibre ueight.
Stiffer binders and stronger binders gave higher rupture stress but' 
generally had only a small influence on rupture extension. Rupture 
stress uas proportional to binder content uhilst rupture extension shoued 
a sub-proportional increase uith increasing binder content.
There uas a clear relationship betueen rupture stress of the fabric and 
its modulus. Higher rupture stress uere associated uith higher modulus.
The proportionality constant uas less for self bonded than for latex 
bonded fabrics.
The generality of Hearle1s approach uas extended by a series of calculations 
using an energy method^1^1  ^ to obtain the predicted load extension 
curve. Where the netuork included a mixture of fibre types it uas 
possible by a suitable summation to make predictions concerning that 
mixed netuork. Overall houever, there still remained the need to introduce 
a limiting stress in the fibre, else the predicted stress became too high 
at extensions above 4-8^. There does not seem to have been much advance 
since about 1969.
Hearle and l\leuton^^^ made a study of model bonded fibres in an attempt 
to obtain a better estimate of the likely fibre stress limit in various 
fabrics. There uere tuo common kinds of failure observed in tensile 
tests of the model bonds, those in uhich fibre rupture occurred and those
involving bond failure and subsequent slippage of fibres through a sheath 
of polymer. Bond strength increased uith decreasing fibre separation 
and uith increasing bonded length. With stiffer resins on nylon fibres 
fibre failure occurred uith bond lengths greater than 4 mm, and uith 
rayon fibres, both soft and stiff resins caused rupture at lengths 
greater than 3 mm.
In no case did binder material rupture, either interface failure or 
fibre rupture occurred.
The theoretical treatment of non-uoven fibres has met uith fair success 
in predicting the load/extension characteristics up to about extension 
thereafter theory gives too high a value unless a someuhat arbitrary 
fibre stress limiting factor is introduced. No account is taken of the 
quantity of binder or the number of fibre contact points uhich are 
actually bonded. It seems likely that a study of this point may improve 
the predictive value of present theories.
Freestone and P l a t t c o n s i d e r e d  the bending rigidity of non-uoven 
netuorks based on Petterson!s geometry of the system. Calculations uere 
made for fibres bending relative to three sets of perpendicular axes.
They uere taken as initially parallel to one axis only and uhen bent 
touards that axis fibres could either move relative to each other, or 
not. The contribution of the fibres rigidity to fabric bending stiffness 
uas calculated for a particular distribution function of fibre orientation 
about the vertical axis. Since all fibres uere inclined to the axis of 
bending, it uas necessary to determine their shear modulus. A torsional 
method uas used.
Experimental results for the bonded fabric lay betueen those calculated 
for a fully bonded and free movement one.
Because the sheet used for experimental measurements uas very thin the 
effect of thickness could be ignored but in practice, this may become 
important. The stiffening effect of the binder in non-uovens arises 
from the removal of fibre slippage and conversion of flexural rigidity 
from thickness proportionality to a cube of thickness proportionality.
To minimise the stiffening effect, and yet maintain the increased tensile 
strength associated uith the binder presence, the binder should be 
concentrated at the mid plane of the sheet.
2.4.5 Similarities betueen Paper and Non-Wovens
It is interesting to note that much of the work on non-uoven textiles 
appears to stem from Cox!s study of paper. The constant strain theory 
of the elastic behaviour of a netuork has been developed for both 
materials. Fibre curl and orientation have received more attention in 
non-uovens than in paper but the statistical geometry of fibre inter­
section is better understood for paper than non-uovens.
There has been little more than descriptive argument to cover the plastic 
yield region of either material, although Hearle*s studies uhich place 
a limiting stress on the fibre came closest to allouing a complete 
definition of the load extension curve from theoretical principals.
Whilst there is obviously a good deal of common ground it uas not until
(144)
1974 that Allan and Neogi produced a genuine attempt at unification
of theories. By considering a binder spot of given radius and fibres 
of given length, randomly arranged over the area of a mat, they uere 
able to calculate a number of important features.
(i) The number of fibres embedded in a binder spot - observed and
calculated agreed uell. At constant binder spot diameter, the
number of bonded fibres increased uith fibre length. Houever, 
at constant fibre length more fibres are in contact as spot 
size decreases for a given binder content.
(ii) The minimum number of bonds for coherence uas obtained by
considering the probability P that a fibre uould span from
one spot to a second one. If P is less than 0.5 then eventually 
a preponderance of unattached fibres develop and coherence is
not achieved. This is a similar situation to gelation of a
polymer netuork. The theoretical values uere confirmed uith 
fibres of tuo different lengths.
(iii) The fraction of fibres carrying the load rises nearly linearly
uith increasing number of bonds per fibre until there are 6 .
Beyond this point the fraction barely changes. Confirmation 
uas found in the limiting value of tensile strength occurring 
at 6 spots per fibre.
(iv) The tensile strength of the fibre assembly could be expressed 
in the form
where T = tensile strength
f = fraction of fibres bearing the load
z = tensile strength of the fibres expressed as breaking length 
1 = length of a fibre
K = constant encompassing average fibre strength, average 
bond strength and extent of bonding 
v = volume of binder
Plots of l/f versus ^/vl for a number of fabrics were straight
where F relates to fibre strength and B to bond strength. The 
new equation is more rigorously derived.
l/f = z (1 - K/vl)
lines.
For a well bonded sheet of paper, f approximates to unity and
1 1
Expanding as / (l — x) and ignoring terms of 2n power and greater
(144)
This is very similar to Page*s empirical equation for paper:-
1_
T
This approach however, still does not attempt to predict the load 
extension curve of a composite in the way that Hearle*s did and must 
therefore be considered as not yet fully developed.
3. SUMMARY OF SCIENTIFIC KNQliJLEDGE AND STATEMENT OF RESEARCH OBJECTIVES
3.1 Present Knowledge
Grain impregnation may involve penetration of the polymer to but rarely 
beyond, the grain/corium junction. It seems very likely that a 
layer no more than 0.5 mm thick contains polymer. The many, and 
sometimes apparently conflicting, effects of the process will almost 
certainly arise from changes in the mechanical behaviour of this layer, 
about which there is little information in the unimpregnated state, and 
effectively none in the impregnated state. It is probably fair to assume 
that, despite the fineness of its fibres, the grain layer generally 
deforms by the same mechanism as bulk leather. The tensile stress-strain 
responses of both are fairly similar. There are however, little more 
than qualitative theories as to the mechanics of bulk leather deformation. 
It is quite clear that apart from fibre extension there is usually 
considerable network re-arrangement. In very simple cases, it is 
possible to calculate the approximate tensile strength of leather from 
a knowledge of fibre tensile strengths.
There has been much more extensive study of fibre networks other than 
leather and a number of quite successful attempts to quantitatively 
predict tensile and bending behaviour. In particular Hearle has 
explained the behaviour of non-woven bonded fibre textiles by convincing 
argument based on a random or partly ordered network of curved fibres. 
These non-wovens appear to have much in common with leather in their 
mechanical behaviour. The total network extensibility is of the same 
order as that of leather whereas that of paper, which can also be 
considered as a random network is very much less. It seems likely 
that part of Hearle*s approach might be applicable to impregnated 
grain layers.
One of the more important effects of grain impregnation is to alter the 
break of the leather. This is yet another feature which is well 
described but ill defined. It cannot be simply explained by considering 
the grain layer as a buckling plate, as evidenced by the contradictory 
requirements of Timoshenko,, that stiffer plates have *coarser* wave 
formation in buckling, and the literature, which strongly suggests that 
stiffer grain layers give finer waves (break). The action by which 
break is induced involves bending as well as compression and it is here 
where the apparently contradictory requirements probably can be resolved.
3.2 Research Objectives
A thorough understanding of grain impregnation will require an explanation 
of a number of aspects of the grain layer composites:-
(i) The low extension modulus and low curvature bending 
stiffness to provide a basis for an explanation of 
break formation.
The high extension modulus and elongation at break which 
are important in lasting a shoe, especially over the toe 
area. It should be noted that high strain rates are 
involved in this operation, typically 10-50 min"^.
Stress relaxation and 1 set*behaviour over the extension 
range 0-25$ to understand the likely effect on shoe 
shape retention.
Low strain rate extensions such as may occur in empirical 
laboratory testing of impregnated leathers.
The mechanism of rupture, which in practice seldom occurs 
but, if understood may give a guide to pre-rupture 
deformation modes.
Since the grain layer is only about 30$ of the leather thickness where 
impregnation is used, it is unlikely that measurements on impregnated 
bulk leather will be sufficiently sensitive to provide accurate 
estimates of the mechanical properties of the impregnated layer.
Given this situation, the requirements listed above and the complete 
dearth of information on the subject, the research objectives become 
clear. They are:-
1) To characterize the mechanical behaviour of isolated grain
layers and their composites, in tension, bending and tearing.
2) To formulate a mechanistic theory to explain the action of
impregnants and the observed mechanical properties of the 
composites.
3) To examine the extent to which the recorded behaviour of the
composites accords with that of impregnated leathers reported 
in the literature.
(ii)
(iii)
(iv)
(v)
The attainment of these objectives requires an experimental programme 
with four phases:-
1) Establishment of a preparative method, for isolated grain 
layers and composites.
2) A programme of mechanical testing of the composites and
their components, i.e. polymers as free films, leather and 
fibre bundles.
3) A study of bonded fibres and their relevance to composite
behaviour.
4) A number of experiments to put in perspective the effects
of impregnation relative to those of conventional leather 
processing changes and to assist the development of the 
mechanistic theory.
Phases 1 and 2 were deliberately overlapped in part at least, to ensure 
maximum generality of the preparative method and to allow selection of 
a few typical impregnant polymers for further detailed study. Part of 
the experimental work in that phase interlocked directly with a major 
technological study carried out as part of BLMRA*s research programme.
Phases 3 and 4 were quite separate as will be apparent from the detail 
of the experimental designs listed in Appendix II.
4. EXPERIMENTAL MATERIALS AND METHODS
4.1 Materials
4.1.1 Leathers
For the preliminary studies, five bovine leathers were used. They 
can be described qualitatively as:-
Full Chrome I
* *
A soft, long limed, butt, supplied
at 2.5 mm thick.
Full Chrome II A traditional side upper leather, firm 
and rather springy, 1.8 - 2.0 mm thick.
Vegetable Tanned An upholstery leather supplied in the
*
russet state 1.4 mm thick. A traditional 
full vegetable, upholstery tannage. (Not 
normally impregnated but chosen to give a 
wider range of grain layer type).
Retan I A boot upper leather 2.2 - 2.4 mm thick. 
Rather * dead*. Essentially chrome tanned 
but with a vegetable retannage.
Retan II - A shoe upper side leather 1.8 - 2.0 mm
thick similar to full -chrome I but less 
springy. Less retannage than retan I 
and probably not all vegetable.
Detailed chemical analyses are not given since the choice was made on 
the basis of the load/extension curves of the grain layers (see 
section 5.1).
The grain layers of full chrome II and retan II showed opposite 
extremes of stress/strain behaviour (see section 5.2.3) and were chosen 
for the bulk of the work. Five sides of each leather were obtained 
from the same manufacturing lot. They were characterised before use 
by the following procedure.
i) Four tear tests were made on each side at the middle of the
butt (Figs.A2.3-A2.7-Appendix II-results -Table A3.1 Appendix III)
ii) From the same location, a specimen 7 cms x 7 cms was taken and
an 0*5 mm layer split off the grain side. Four tensile 
tests uere made on the grain split, perpendicular and parallel 
to the backbone. Chemical analysis was carried out on the 
tested pieces# This ensured that no unduly weak or chemically 
atypical sides were used. (Tables A3.2 and A3.3 Appendix III).
Each experiment contained its oun set of control specimens so that 
detailed mechanical characterisation of the grain layers was unnecessary. 
Chemical analyses uere carried out on the unimpregnated control specimens 
from stress relaxation experiments. This data gave an indication of 
the spread of chemical composition likely to be encountered in a single 
experiment and also some idea of stratigraphic distribution of chemicals 
since the data from one of the experiments uere obtained on grain splits 
covering a range of thicknesses. (Tables A3.4 and A3.5 Appendix III).
The follouing scheme uas used because of the rather small size of 
test piece:-
Ideigh the conditioned specimen.
Oven dry it (16 hrs 105°C) and reueigh to obtain 
moisture content.
Remove a 20 mg sample for digestion in ION nitric acid.
The digestate uas analysed for chromium by Atomic Absorption 
Spectrometry.
Sequentially Soxhlet extract the residual specimen uith 
four changes of the follouing solvents, drying in an oven 
and ueighing betueen changing the solvents.
(i) Petroleum ether B.P. 60°C - 80°C
(ii) Dichloromethane
(iii) Ethanol
5) The dry extracted specimens uere ueighed and then shaken 
uith distilled uater for 2 hrs, oven dried and reueighed 
to estimate the uater soluble content.
6) The residual specimen uas digested by a micro Kjeldahl 
method for 2 hrs and the total nitrogen content estimated
1)
2)
3)
4)
by a colormetric m e t h o d y using a Technicon 
Automatic Analyser.
All analytical data are therefore reported on a moisture free basis 
and the nitrogen on a basis free from solvent solubles, water solubles 
and moisture. It was accepted that, storing leather over several years 
may give rise to changes in chemical structure, particularly reflected 
by the solvent extractable matter. This risk was preferred to that of 
using leather from different production batches or repeatedly prepared 
by small scale operations.
The different mechanical behaviour of the full chrome and retan grain 
layers was not reflected by the arrangement of fibres as revealed by 
conventional optical microscopy. A series of horizontal sections were 
used to show up stratigraphic differences in fibre structure more clearly 
than a vertical section.. (Fig. A2.8 Appendix II).
4.1.2 Single Fibres
The ’single fibres1 referred to in sections 4.2.4 and 4.2.5 were teased 
from a layer about 0.8 - 1.0 mm thick, split from the flesh side, of the 
dry leathers described in section 4.1.1. The belly area proved best to 
obtain fibres longer than 1 cm. They were stored in covered petri dishes. 
These fibres are thicker than those of the grain layer but are probably 
closer to them in gross chemical constitution than any other source.
Whether the fine structural chemical composition is similar is open to 
question. Since the longest fibres available from the grain layer 
(c.a. 1.0 mm) were too short for much of the experimental work, there was 
no practical alternative. The whole supply of fibres for each leather 
was teased from an area of about 10 cm x 10 cm.
4.1.3 Impreqnant Polymers and Formulations
The polymers used in the main experiments were commercially available
during the course of the work and in industrial use as grain impregnants.
They are listed in Table A.3.5 along with their appropriate liquid properties.
Mechanical properties of the dry polymers are not given because they depend
(6 )
on other components of a working impregnant formulation . Data for the 
particular recipies used in this work are given in the experimental results 
section.
(Most of the work was carried out using a single supply of materials.
Their liquid properties and the mechanical properties of dry films 
cast from experimental formulations were checked before each major 
experiment. A similar check uas made on repeat delivery lots.
The particular formulations used in the main uork are given in 
Tables A3-.6 and A3.7; and thos'e in preliminary experiments are given 
in Table A3.8 .
4.2 Preparatory Methods
4.2.1 Isolated Grain Layers
Only one method uas used, that of conventional splitting uith a 
band knife machine. In the preliminary uork a Croun Band Knife 
Machine uas used but it gave rather unreliable results and a uide.spread of 
thickness at a single setting. The majority of the uork uas done uith 
a Camoga C300S.
Because of the danger of mechanical action on the leather as it is 
split, tuo other methods uere considered but neither uas adopted.
If leather is held grain doun on a precision ground ' 
vacuum table, !flesh* layers can be successively 
ground auay to give precise thickness control.
The method is slou and unsuited to large scale 
experimentation.
Well soaked leather can be frozen onto the sledge of 
a microtome and thin layers cut off. If the specimen 
is larger than about 1 cm x 1 cm it is easily torn 
from its mountings and although such methods are useful 
for the preparation of chemical analysis specimens, 
they are not suitable for mechanical test specimens.
The accuracy of band knife splitting is considered in section 5.2.1.
4.2.2 Impregnated Grain Lavers
The alternative general procedures are:-
(i) To impregnate the leather before splitting, thereby
achieving realistic, but probably uneven impregnation and 
possibly straining the *composite* layer during removal.
(i)
(ii)
(ii) To remove the grain layer before impregnation. This
may give a more uniform, but possibly unrealistic impregnation 
situation, and when impregnation is uith aqueous liquids 
there is likely to be relief of built in stress. If such 
relief occurs and is accompanied by dimensional changes, 
their magnitude may give a clue to the state of the grain 
layer during a genuine impregnation operation.
The second alternative has a number of advantages.
(i) A simple means of monitoring polymer uptake by ueight change.'
(ii) A chance to study dimensional changes during impregnation.
(iii) An opportunity to correct errors of splitting before polymer
treatment. The loss of a feu impregnated specimens in a 
major experiment could be serious uhilst loss of a feu 
untreated specimens is easily remedied uithout serious 
consequences to a statistical design. At uorst one iblock* 
of leather may be a someuhat unusual shape.
The bulk of the experimental uork used this method but not before the
expected shortcomings of the first approach had been demonstrated.
(See section 5.2.1 and 5.2.3).
The liquid impregnant has been applied by four methods:-
(i) Dipping into impregnant liquids for 30 secs folloued by
draining for 30 secs and removal of superfluous liquid uith 
a tissue.
(ii) Curtain Coating uith the bench scale machine described in
ref. 21. Grain layers removed before impregnation, uere 
stapled to the residual leather before passing through the 
machine to ensure that they penetrated the liquid curtain.
(iii) Hand padding uith a small plush pad. The specimen uas
placed in a glass dish and the impregnant padded on until 
no more liquid could be absorbed. Care uas taken that the 
specimen did not stand in a pool of excess.
Fig. 4.1 Single fibres in (a) temporary mounting to allow the 
measurement of their length and (b) with metal hooks 
attached in readiness for tensile tests. In both 
cases a 1 mm grid paper has been used.
(a) instik
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(iv) Hand spraying was used for the xylene solutions of
polyurethanes. Spraying to a predetermined weight
(21)
uptake is relatively easy or a self limiting method 
is available. At saturation the specimen suddenly becomes 
translucent and spraying is stopped immediately. In this 
state there is practically no drainage and the specimen 
could then be air dried.
The dipping and curtain coating methods were used only for preliminary 
experiments and for the work which interlocked with reference 2 1 .
Hand padding of aqueous impregnants and spraying of polyurethanes were 
adopted for the majority of experiments.
4.2.3 Free Films of Impregnant Polymers
(146)
The method was essentially that of Brooks and Marriott . The
appropriate impregnant formulation was prepared with a total solids 
+ ^content of 20 - 2%. A sufficient volume was poured onto a levelled 
silicone rubber coated tray 20 cm x 10 cm by 0.75 cm deep, to provide 
a film 0.5 mm thick when dry. After 3 days drying at ambient conditions, 
the film was lightly talced on the upper face, removed from the tray and 
talced on the under face. There followed a further 3 day period of air 
drying supported in a fine muslin sling. Finally the film was heated 
to 50°C for 2 hrs. in a circulating air oven on a p.t.f.e. sheet, allowed 
to cool and recondition in air at 20°C and 65^ RH for 7 days before 
testing. This ensured full cure of the polyurethane.
4.2.4 Single Fibre Assemblies
Mounting ’windows1 were prepared on graph paper. Sections cm x 1 cm,
were removed using a sharp scalpel. Strips of 1Twinstik* adhesive film 
c.a. 0.3 mm wide acted as temporary mountings for the fibres. (Fig. 4.1).
From the stock of teased fibres only those which appeared to be of
uniform diameter, unbranched and longer than 1.3 cm were chosen for
testing, those longer than about 1.8 cm were trimmed with a scalpel to 
about 1.3 cm.
Each fibre was weighed on C.I. ZB 200 electrobalance to the nearest 
1 division of the scale. Repeat weighings of a single fibre gave values 
within - 1 ug.
-r.^_ , U4.J.U wi uj.nyio iJ-uicoj \aj uci uic ujLtjauintJNu witn j-mpregnanL
liquid and (b) after treatment. The fibres were arranged 
to produce ^ e a d 1 or * fused pair1 types of model joints.
The fibre uas temporarily mounted across a ’uindou’ so as to gently 
straighten it. There uas insufficient force applied to completely 
decrimp it.
The total fibre length uas measured uith a travelling microscope to 
the nearest 0.01 mm and the average ueight per unit length calculated. 
Specific stresses uere subsequently calculated.
To facilitate tensile testing, the fibres uere cemented to uire hooks 
using ’Britfix’ balsa cement. (Fig. 4.1).
liJhere required impregnant liquids uere applied by running a drop of 
the liquid along the portion of the fibre betueen the cemented ends.
No attempt uas made to control the ueight uptake or to measure, it.
It uas in effect a ’saturation1 technique.
The only disadvantage of the procedure is that the recorded ueight 
per unit length is not that of the restricted fibre length betueen the 
hooks. It is preferable to have mechanically reliable assemblies at 
the expense of this minor source of error. In preliminary experiments 
fibres treated uith polymer before attachment to the metal hooks, shoued 
-a high rate of failure by pulling from the hook.
4.2.5 Model Fibre Joints
In the early studies the fibres uere laid in pairs across a paper 
’uindou’ separated by 1.0 mm to 0.1 mm. Impregnant liquid uas applied 
as a single drop from a dropping pipette. There uere tuo kinds of 
bond depending on the fibre separation. Either a bead formed suspended 
on the tuo fibres or they uetted and pulled together along the uhole of 
their length (Fig. 4.2). liihen this occurred uith aqueous liquids, the 
fibres, initially under slight tension, became slack as they expanded 
by uater uptake. This expansion appeared to contribute to their union 
by allouing easier movement. This configuration is termed a ’fused, 
pair’ and the critical fibre separation at uhich it occurred uas about 
0.5 mm. It uas also noted that the length over uhich ’fusion* occurred 
uas only limited by the liquid reaching the edges of the uindous.
Idhere polyurethanes uere used there uas a greatly'reduced tendency for 
the ’fusion’ of a fibre pair. Probably the louer surface tension and 
the non-aqueous nature of the impregnant uere the reasons.
E r Q »
Preparation of bonded fibre pairs, (a) Diagram of the silicone rubber 
moulds, (b) Block of eight uith paper mount and fibres, (c) as (b) but 
uith metal hooks attached, (d) Diagram and photograph of a completed joint.
PLAN SECTION
(a)
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The high fibre density (number per unit volume) in leather suggests 
that ’bead’ formation is less likely than 1 fusion of pairs’ in an 
actual composite. It uas therefore arranged that joints uere not 
’bead* type.
Special silicone rubber moulds held the fibres in place during bonding. 
Fig. 4.3a is a diagram of such a mould and Fig. 4.3b shous a block of 
eight. They uere made by pouring ’Silcoset 105’ liquid silicone rubber 
over male formers of the appropriate size. Accurately cut paper 
’uindous* fitted over the moulds and carried the fibres uhich uere held 
in place by ’Tuinstik’.
Metal hooks uere cemented to diagonally opposite ends of a fibre pair. 
(Fig. 4.3c). The cavity uas filled uith a single drop of impregnant 
and left to soak the fibres for 15 mins. Excess liquid uas then 
removed from round the fibres by touching it uith a tuisted tissue.
Only occasionally did the liquid leak from the cavity ends. In these 
cases the cavity and fibres uere blotted dry uith a tissue. After 
5 mins, a second drop of the liquid uas offered and invariably this 
did not leak auay probably because a thin sealing film of polymer had 
formed over the exit lips.
The assemblies uere left to dry at ambient temperature for 48 hrs and 
then carefully removed from the moulds uith the aid of curved tueezers 
passed under the joint as a support. They uere dried in an oven for 
2 hrs at 50°C and then reconditioned for 7 days to ensure cure of the 
polyurethane.
Before testing, the length of joint and the total length betueen the 
hooks uere measured uith a travelling microscope to 0.01 mm. Finally 
the diagonally opposite fibre arms of the assembly uere cut (Fig. 4.3d).
Uhen fibre separation in the joint uas to be measured, a block of eight 
assemblies uas immersed in an B% solution of orange dye (Colour Index 
Number Reactive Orange i) at room temperature for 40 mins. folloued by 
40 min. in 5% sodium bicarbonate solution, uashed and dried at room 
temperature.
This dyeing uas necessary to allow the fibres to be clearly seen within 
the polymer sheath of the bond. The separation was measured using a 
binocular microscope and an eye-piece graticule with 0.01 mm divisions.
4.2.6 Mechanical Test Specimens
Leather and polymer specimens were cut uith press knives. The leather 
with a sole leather backer to ensure a clean edge and the polymer films 
with a cardboard backer. A new area of card uas used for each polymer 
specimen.
The only exception uas the dynamic bending stiffness test piece which 
was cut uith sharp scissors using a metal template.
Unless otherwise stated all specimens were orientated so that under test 
the stress would be applied parallel to the animal’s backbone.
4.3 Specimen Ueight and Dimensions
4.3.1 Specimen bJeight Changes
The change in ueight of leather specimens after impregnation uas taken 
to indicate polymer uptake. A procedure uas adopted which avoids 
.regain hysteresis by conditioning the specimen to 20°C and 65$ RH from 
a low relative humidity. Failure to take the precaution could 
introduce an error of up to 2$ of the weight of the leather into the 
estimate of polymer uptake.
The sequence uas:-
(i) Dry the specimen for 2 hrs at 5D°C in a circulating 
air oven kept in the 65$ RH atmosphere. (The oven 
has an atmosphere of about 12.5$ RH).
(ii) Expose the specimen to the standard atmosphere for 
48 hrs to recondition. Then weigh. This is the 
base weight of the specimen bJ^ .
(iii) After polymer impregnation and drying under ambient 
conditions for 24 hrs, re-dry for 2 hrs at 50°C as 
before, recondition for 48 hrs and reweigh.
This is the final ueight liJ^*
Fig. 4.4 The cantilever bending stiffness test to BS 3356.
(a) A general view of the apparatus. (b) The operators 
view. In addition to the lines scribed at 41.5° to the 
horizontal, there are other lines with different 
inclinations, these are non-standard and not connected 
with the present work.
(a)
(b)
Specimen
Weight changes (polymer uptake) are calculated as:-
U - Ii
   X 100%
and are terms *% on conditioned weight1.
4.3.2 Thickness
The standard thickness gauge for leather was used. A pressure of 
2
0.0495 MN/m acts on a foot of 1 cm diameter. The leather rests on 
a 1 cm diameter anvil coaxial with the foot. The foot is lowered onto 
the specimen and the dial gauge is read after 5 secs. The gauge was 
calibrated to 0.01 mm and readings estimated to the nearest 0.005 mm. 
Repeat measurements on grain splits approximately 0.5 mm thick agreed 
to within 0.005 mm.
4.3.3 Area
The method was at best an approximate one. The specimens were 
rectangular. Fine ink lines were drawn at the centre of each side 
perpendicular to the edge. The area was calculated by the product of 
the two axial dimensions measured at these marks. In the first 
experiment where area changes were recorded, measurement was with a steel 
scale graduated in 0.5 mm divisions, read to the nearest 0.5 mm. For 
confirmatory studies a travelling microscope was used reading to 0.01 cm.
In one specific experiment a television camera method^^^ was used.
+ rfThis is accurate to - 0.5% of the specimen area regardless of its size.
4.4 Mechanical Test Procedures
4.4.1 Cantilever Bending Stiffness
The standard procedure for textile fabrics BS 3355 was used unmodified 
(Fig. 4.4) but the results were calculated in g.cm rather than the mg.cm 
used for textil.es. For a given specimen the overhang length was 
recorded with each face uppermost and at each end, four values in all. 
Each separate stiffness value was calculated to assess the asymmetry of 
bending.
The tensile test specimens used in this work.
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Apart from the cantilever bending test, all other mechanical testing 
was carried out using Instron Tensometers. For the bulk of the work 
a model TM-SM tensometer equipped with a Leeds and IMorthrup J sec 
recorder was used. An external ultraviolet recorder was used where 
high strain rates were employed. The particular unit was an 
S.E. Laboratories 3006/DL fitted with the B100 galvanometer. From 
the decay curve of the beam following the rupture of tensile test 
specimens it was estimated that the time taken for full traverse of the 
scale was 0.025 secs. The acoustic emission work was done with a model 
TTD Instron fitted with a 2 sec recorder.
The load cells used were the CTM and the A30-36, with maximum capacities 
of 100 kg and 500 gms respectively.
The speed of the £ sec chart recorder was accurate to 0.1^ 6 of nominal 
value. The nominal linear speed of the Ll/v recorder was up to 5% in 
error depending on the speed, but its true speed was easily determined 
from the internal mains locked timing signal.
4.4.3 Tensile Tests on Leather, Composites. Fibres and Model Joints - 
Ambient Conditions
Most of the tests on leather and composites used the standard procedure 
for leather IUP/6 ^ ^ ^  and the small test piece (Fig. 4.5) except that 
strain rate was varied as experimental designs demanded.
Specimen extension in the test was taken as equal to the crosshead movement 
There is a risk that this will give too high a value because of jaw effects 
(Guy and Marriott^^0  ^ have shown that it is a small risk even with full 
thickness leather). Using the thin specimens necessary for the present 
work, the low rupture loads encountered ( < 4  kg) produced practically no 
distortion at the jaws.
All stresses and strains were calculated from original specimen dimensions, 
that is, as Engineering1 stress and strain.
Rupture of the specimens almost invariably occurred catastrophically and 
the elongation at break coincided with the elongation at maximum load.
On the few occasions where failure was by an interrupted tearing process, 
the elongation at maximum load was taken as elongation at break, and the 
maximum stress as the tensile strength.
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was suspended by one of its metal hooks from an extension rod connected 
to the Instron.load cell. The other hook was clamped in the lower 
pneumatic jaw so that the Window* was not strained. The side pieces 
of the paper were carefully cut so as not to apply a shock loading to 
the fibre and leave it unstrained. The pen of the recorder was then 
balanced to zero (to take account of the dead weight of upper hook, 
paper and fibre), the crosshead was moved down carefully by hand until 
the fibre was just straight. The pen was re-balanced to zero as a small 
force usually developed (about 1-2 gm), caused by fibre straightening. 
Tensile testing was then straightforward.
In cases where rupture occurred near.to the cemented end, the broken end 
was examined under a binocular microscope to ensure that rupture had
occurred and not fibre pull out. Testing of model joints was by a
similar procedure.
4.4.4 Tensile Tests at Low Temperature
A simple low temperature chamber was constructed to allow the test 
specimens to be clamped in the jaws of the Instron and then cooled to 
the required temperature, held there for 2 mins and then extended at
2.5 min At this strain rate specimens ruptured in 5-10 secs.
The arrangement comprised of a set of angled brackets (Fig. 4.6) 
mounted on the outer faces of the jaws and covered with 1 mm of thermal 
insulation on the upper surface. There was a small gap in the 
insulation which allowed the specimen to pass through and be clamped.
When the jaws were closed a continuous insulating layer formed except 
for this small gap. An annular surround, made of flexible PVC, fitted 
closely to the insulation at the initial jaw separation of 20 mm and 
was attached to the upper jaw. Nitrogen gas, cooled by passage through 
a liquid nitrogen heat exchanger, was admitted to the chamber via a 
bifurcated pipe system, arranged so that the incoming gas impinged 
directly on to the two faces of the test specimen. A thermistor 
passed through the PVC surround and the sensor was located close to the 
test piece. The end of the sensor was covered with a piece of 0.5 mm 
leather such as would be used in the test. When the temperature of the 
sensor (cooled from one surface) reached the desired value there was then 
a high certainty that the centre of the test specimen (cooled from both
Fig. 4.7 A tensile test specimen marked with 1 cm grid in readiness 
for Lateral Contraction measurement. The 1.0 mm scale is 
mounted coplanar with the face of the specimen to check 
any optical distortions which occur during photography of 
the specimen and subsequent projection of the image.
2
surfaces) would be also at the desired temperature. The 2 min 
stabilization period further ensured that the whole specimen was at 
the correct temperature. The resistance of the thermistor was 
measured with a digital ^vometer*.
The temperature was controlled by restricting the gas flow rate with 
a screw clamp on the gas supply line (rubber).
When the gas flow was stable enough to maintain the temperature within 
+ o
-1 C of the required value for the 2 mins stabilization period, it was 
also sufficient to prevent any change in the thermistor temperature 
during the 5 - 1 0  secs of the test.
Although the arrangement was quite satisfactory for leather and composites, 
the sealing between the PVC surround and the wire hooks of the single 
fibres or model joint assemblies was inadequate for extensive studies. 
Temperature stability was poor and in addition there was a very high 
rate of fibre to hook bonding failures, which may have arisen from 
differential thermal contractions.
4.4.5 Poisson*s Ratio
A photographic method was used. The largest IUP/6 tensile test specimen 
(200 mm x 20 mm) was marked with a 10 mm grid of ink lines and clamped 
in the Instron along with a 1 mm reference grid mounted in the same plane 
as the face of the test specimen. Four 10 mm x 10 mm squares of the 
reference grid had been previously measured with a travelling microscope, 
they are marked with a cross in Fig. 4.7.
The specimen was photographed every 1% extension up to 30^. The strain 
rate was 10% per min. The camera, a Nikkormat, was fitted with an f3.5 
micro nikkor lens and was mounted about 12 inches from the specimen.
FP 4 film rated at 320 ASA was exposed for 0.015 secs at f5.6.
Illumination was by two 1000 watt floodlights. Development was in 
Promicrol for 6-J mins at 20°C. Specimen movement during exposure would 
amount to about 0.00017^. Measurements were discontinued at 30fo 
extension because beyond this point the specimens began to curl.
Fig* 4,8 I he tear test piece used for leather and composites shoyihij
(a) the dimension and (b) the method of mounting it on th§ 
hooks*
15 — 4 *------------20
25mm ( a )
b ) Hooks
Specimen
Fig* 4.9 The perspex jig used to measure the length of stress
relaxation specimens® The two views are (a) in plan,
(b) isometric* Measurements are made between the 
nearest tangents of the hole H and the brass pin P 
for which purposes the jig is mounted on the base 
plate of a travelling microscope*
(a) (b)
The negatives uere projected to give a x!5 enlargement and the extension 
betueen AB and CD (Fig. 4.7) uas measured to 0.5 mm using a steel scale.
The lateral contraction uas also measured at AC and BD. The mean value 
uas taken. The graduated squares of the reference scale uere also 
measured to allou correction of specimen dimensions resulting from optical 
aberrations. Such corrections greatly reduced the scatter of the results.
4.4.6 Tear Tests
The standard test for leather uas used (lUP/8 ). The specimen is a 
rectangle uith a specially shaped slot (Fig. 4.8a). Tuo hooks are inserted 
in the slot and pulled apart. The maximum load attained is the tearing 
load.
To avoid errors of specimen configuration^^^ the same face of the specimen 
uas in contact uith both hooks (Fig. 4.8b).
4.4.7 Stress Relaxation and Recovery
Specimens of leather, composites and polymers uere 1 cm x 12 cm uith tuo 
holes, 0.5 om diameter, 10 cms betueen centres, symmetrically placed about 
the centre of the long axis. Under test, the length betueen the jaus uas
8.0 cm and the holes uere in the clamped section. Strains from 2.5^ 
upuards, at crosshead speeds of up to 50 cm/min could be automatically 
attained. At louer strains and higher speeds mechanical constraints of 
the Instron precluded automatic control.
Changes in specimen length uere measured betueen the nearest points on 
the tuo holes uith a travelling microscope using a jig to fix the position 
of one of them (Fig. 4.9). Repeated removal, replacement and measurement 
of a single specimen gave lengths covered by a range of 0.1 mm. Clamping 
that part containing the holes did not affect the recorded length and by 
comparison uith bench marks it uas shoun that extensions up to 25^ did not 
distort the material in the jaus sufficiently to give errors greater than 
the - 0.05 mm arising from repeat measurements.
The initial strain rate and strain uere experimental variables. During 
the relaxation phase of the test the stress uas recorded 1.5s, 3s, 6s,
12s, 18s, 24s and 30s after straining ceased and subsequently at 30 secs 
intervals up to and including 4 mins. The crosshead uas then returned at 
50 cm/min. The instantaneous recovery could not be measured satisfactorily
from the chart. The first reading uas taken 15s after crosshead return 
and subsequently after 5 mins, 30 mins, 24 hrs and 7 days. Betueen 
recovery measurements the specimens uere kept on a flat table.
The procedure for polymer specimens uas similar, but recovery measurements 
could not be made since the polymer often stuck to the jaus.
In fibre stress relaxation experiments it uas additionally necessary to 
set the ’return1 controls for each specimen after the initial straightening, 
to ensure the correct extension. No recovery measurements uere attempted.
Tests uith fine steel uire cemented to the hooks and loaded to 100 g uhich 
uas greater than the maximum value observed in fibres, shoued stress decay 
of less than 0,25% of full scale deflection in 5 min, thus the relaxation 
rate of the cement plays no major role in the process.
Model joints required a rather different approach in setting the limit 
of extension. They uere mounted in the Instron as if for tensile testing. 
The initial strain limit uas judged from the stress response of the 
particular specimen under test and crosshead movement uas stopped manually. 
The strain rate uas 0.5 min ^ and tests uere made under tuo conditions. 
Firstly, uhen the joint uas in its linear stress/strain response region 
and loaded to about 10 g. Secondly, immediately after bond rupture 
occurred and the fibres uere held in place by a sheath of polymer.
4.4.8 Acoustic Emission Studies
Data uere obtained from specimens under tensile stress. The acoustic 
transducer and analyser uas that built by the Electrical Engineering 
Department, University of Surrey and has been described by C u r t i s .
The test specimen uas the 50 mm x 10 mm specimen described in IUP/6 ^ ^ ^ .
With rigid materials the acoustic transducer is normally clamped to the 
specimen under test. In this uork the flimsy nature of the material 
necessitated a rigid external uooden support for the transducer. Contact 
betueen the transducer and the specimen uas maintained by a spring loaded 
backing plate. During the test there uas inevitably movement of the 
specimen over the surface of the transducer and a good deal of frictional 
noise uas generated in the process. This uas eliminated by a liberal
r-LL4«
The Dynamic Bending Stiffness tester drawn.to full scale
LOAD CELL
L. 1
Elastic Strip
coating of heavy grease applied to both surfaces of the specimen 
immediately before the test. There is a risk that grease penetrated 
into the fibre network, lubricated it and affected deformation mode. 
Microscopic examination of the cut edge of a tested specimen showed no 
real evidence of such an occurrence and the risk must be considered small.
The cumulative total emission was plotted against specimen extension 
using the most sensitive attenuation setting and the ’direct’ mode of 
operation, in which the acoustic signal is effectively sampled every 
2jj.s . The results were converted to ’events’ per unit area of cross- 
section in the unstrained specimen.
4.4.9 Dynamic Bending
The method is based on Abbott and Grosberg*s^1^ ^  modification of Livsey 
(114)
and Owen’s original method.
A spring loaded clamp S is mounted with its centre line on a diameter
of a rotating disc, R, and with its edge 0.25 cms from the centre of the
disc (Fig. 4.10). This clamp holds one end of the specimen. The other
end is held at a point 0.5 cms from the edge of the rotating clamp by a
light ’u* shaped clamp, A, having a tubular extension which engages two '
!
pins P, P . The extension is free to move vertically and horizontally 
perpendicular to the plane of the diagram.
t
The pins P, P are mounted on the long arm of an amplifying cantilever C 
(shown dotted in Fig. 4.10) which transmits lateral forces F to an Instron 
Load cell. The bearing, B, of the cantilever is a double cone clock 
bearing with low frictional resistance. The force F is the reaction to 
the bending moment in the specimen at A. Idhen the plate R rotates anti­
clockwise, F increases the tension in the connecting wire T. Reverse 
rotation reverses the sense of F and reduces the tension in T. A suitably 
damped counter-weight Id resists the tendency for the cantilever to move 
under these conditions. To further reduce vibration from the Instron 
Motor the whole assembly was mounted remote from the Instron.
The rotating plate was on a shaft which passed through two ball races set 
in the main mounting plate. At the other end this shaft carried a grooved
pulley 4.0 cms in diameter. A spiral clock spring was also attached to
the shaft and could be tensioned by a thin steel braided wire (l.O mm
specimen in place ready to test and (b) in close up 
showing the mounting jig used to align the lower clamp,
(a)
(b)
Figc 4.12 Static Calibration of
the Dynamic Bending Tester 
using the force balance. 
The fixed clamp has been 
removed from the rotating 
disc to prevent it 
interfering with the long 
arm which engages the pins 
on the cantilever arm.
diameter) fixed by a loop to a pin set in the rim of the pulley. The
wire passed over an idler pulley to a metal bar attached to the Instron 
crosshead to provide the necessary drive. The spring mas tensioned by 
two or three turns before attaching the wire. Ulith this arrangement, 
the automatic cycling controls of the Instron could be used to produce 
rotation of the clamp between fixed limits. A circumferential movement 
of 1 cm at the pulley produces a rotation, of 0.5 radians. The apparatus 
is shown in Fig. 4.11.
The specimen is fixed into the clamp *A*; before loading into the machine. 
The distance of the edge of *A*j from the edge of *S* is fixed by a 
removable jig plate 0. (Fig. 4.10),
The general assumptions in this type of apparatus are:-
(i) The specimen forms an arc of a circle and the centre 
lines of the clamps lie on tangents to the circle.
The curvature of the specimen is then given by:-
(f - e)/i
liJhere 0 is the angular displacement of R from the original 
vertical position and 1 = specimen length (0.5 cm). ’ Thus 
the curvature of the specimen is proportional to the 
movement of the crosshead.
(ii) The couple at the centre of the specimen is given by:- 
F.C^ + l/2)
Thus the chart recorder gives a direct plot of curvature 
and couple.
It is quite obvious that these assumptions cannot be completely correct 
even if the lower clamp moves vertically up and down during the test. 
However, it also deflects to the right and left which makes the 
assumptions more nearly true.
Static calibration was by dead weight loading with a small force balance 
which engaged the pins PjP^ (Fig. 4.12)# The response was linear and
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caused che force on the load cell to increase; or decrease) 
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the cantilever arm#
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Fig*. 4.14 Dynamic calibration of the Dynamic Bending Stiffness 
tester using 0*0125 mm stainless steel foil cemented 
in place as a test specimen. ,
Fig* 4*15 A typical differential thermogram Used to estimate 
the Tg of impregnant polymers*
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close to the theoretically calculated value based on machine dimensions 
(Fig. 4.13) confirming that frictional losses were small.
Under dynamic conditions the assumptions hold reasonably well and hysteresis 
is low as witnessed by the curve for an 0.0125 mm stainless steel foil 
(Fig. 4.14). Young*s Modulus calculated from bending was 20.4 Gl\l/m2 
compared with 22*6 GJ\|/m2 fro'm a tensile test. Such agreement is good 
considering the sensitivity of bending tests to specimen width and thickness.
4.5 Polymer Glass Transition Temperatures
Differential Thermal Analysis of polymers yields a Tg value dependant on
the heating rate. The method used for the impregnant formulations was 
essentially that of Keeveny and Eblin^^^,
Small pieces of film (section 4.2.3) were dried in a vacuum oven at 60°C
for 16 hrs. Three 3 mm discs were punched out and stacked in the lower
half of a small aluminium cup. A lid was crimped on but not hermetically 
sealed. The control was a similar, empty cup.
The DSC cell of a Du Pont 900 Thermal Analyser was used. The specimens 
were cooled in situ to -120°C with liquid nitrogen and the heating rate 
set at 20°C per min until the transition point had been passed (Fig. 4.15).
Duplicate determinations gave values within 2°C of each other. The 
arithmetic mean was taken.
4.6 Experimental Design and Analysis
Experimental work with natural products is never easy because inherent 
variability often makes it difficult to decide whether differences in 
mechanical behaviour of two differently treated specimens are due to the 
treatments or the inherent differences between specimens. The analysis 
of variance of such data is greatly facilitated if formal experimental 
designs are used and they have the additional advantages of efficient 
use of resources.
All the mechanical features reported in this work were first observed in 
what can be best described as * ad hoc* experiments. They are not recorded 
in any detail but the formal designs used to quantify various features are 
listed in Appendix II along with appropriate experimental notes.
Calculations of sums of squares by Yates Algorithm and more conventional 
means were carried out on a Hewlett-Packard 9830 calculator fitted with 
a Matrix ROM and 4K words of memory. The programmes were written by 
the author for Yates Algorithm and for the analysis of the split-plot 
designs. Conventional analyses were done using M.3. Brook*s ?Anova! 
programme, (BLMRA), modified to allow sequential analysis of data for a 
number of parameters, stored on magnetic tape. Linear and Power Law 
regression analysis used Dr. R. Guy*s programme (BLMRA)and the polynomial 
regression is a Hewlett-Packard *Math Pac* standard.
5. EXPERIMENTAL RESULTS
For simplicity, unimpregnated grain layers are generally referred to 
as leather and after impregnation they are termed composites. Where 
necessary, the term ‘bulk leather1 is used to differentiate between 
untreated grain layers and the leather from which they were taken.
The preliminary experiments are dealt with largely descriptively since 
their function was essentially exploratory with the aim of indicating 
which parameters could be isolated conveniently for quantitative study.
Where formally designed experiments are referred to, the numbers given 
in Appendix II are used. This applies mostly to the main experimental 
data, except for a single preliminary study, designated El.
Error bars on graphs are the 95$ confidence limits for the value of the 
individual points, calculated from
n!
'(556)
where 1/ is the appropriate error variance, n is the number of observations
n * ®
going to make up the plotted value and is •Students* t for the n
degrees of freedom, used to estimate \]j at the 5$ significance level.
Strictly speaking such error bars are not necessary when the sums of 
squares of a proven significant effect are partitioned into those due 
to regression and residual. They do however give an indication of the 
errors involved. Usually only one *bar’ per curve has been drawn since 
those for all the remaining points are identical.
Footnoted to tables are least significant differences between values 
within the tables. Usually these are straightforward, calculated from
for two means each of n data. In some of the ‘split plot* designs, 
l.s.d’s are complicated by the presence of more than one error variance 
applicable to the table. Where necessary such differentiation has been 
made. A full discussion of this point is to be found in Cochran and 
Cox ‘Experimental Designs* Chapter
Where possible Tables and Figures face the text. In cases where they 
are overleaf the Table or Figure reference in the text is indicated by 
and a reminder is footnoted.
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brress-stram curves of various 0.5 mm leathers and their 
composites formed by dipping into a polyurethane or 
acrylic impregnant. Impregnant formulations are given 
in table A.3.8 .
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5.1 Preliminary Experiments
In tensile tests the grain layers taken from a fairly wide range of 
bulk leathers showed an equally wide range of stress response 
(Fig. 5.1.1(a)).
The stress response of their composites prepared by dipping in liquids 
containing 8% wt/v of polymer, were more alike than those of the 
leathers (Fig. 5.1.1(b) and (c)). The polyurethane composites gave a 
series of curves much like the original full chrome I. They were 
convex to the stress axis. The initial part was nearly linear and the 
curvature began to .develop noticeably at about lUf0 extension. Acrylic 
composites gave curves with an initial, high modulus, linear section, 
followed by a ,kneel at about 5% extension and a lower modulus, almost 
linear section,right up to rupture.
For a given leather or composite, the general shape of the load extension
curves was the same for tests parallel and perpendicular to the backbone.
Four of the five leathers were stiffer, stronger and less extensible
parallel rather than perpendicular. The full chrome II was the exception.
The directional dependence was the same for a given leather and Its
*1*composites (Tables 5.1.1(a) and (b)).
The tensile strength of the composites was about 10-15/£ higher than the
corresponding leathers but their extension at break was little different
"I"(Table 5.1.1(a) and (b)). Composite tear strength was generally higher 
than that of the leather but the difference was never strikingly large 
(Table 5.1.1(c)).+
*J*
Flexural rigidity was increased 2-6 fold by impregnation (Table 5.1.2).
The polyurethane generally produced greatest increase although the acrylic 
stiffened the vegetable tanned leather most. Mild mechanical action 
produced by a boarding action reduced the flexural rigidity of all 
specimens whether impregnated or not. Composites of the acrylic polymer 
lost a greater proportion of their stiffness than either those of the
4*
polyurethane, or the leather alone (Table 5.1.3). In the untreated 
state vegetable tanned and retan I leathers lost more rigidity than their 
urethane composites whilst full chrome I lost less. The other leathers 
and composites showed only small differences.
overleaf
Table 5.1.1
Failure properties of bovine grain leathers and composites 
(0.5 mm thick) of various tannages (butt location).
2
(a) Tensile Strength MN/m (each value is the mean of six tests)
Impregnant None Acrylic Urethane
Leather L. , . * /Direction IIel r
//ex
l r II el r
Full Chrome I 
Full Chrome II 
Vegetable Tanned 
Retan I 
Retan II
...... ........
1.10
1.01
2.20
1.06
1.52
0.95
1.30
1.50
0.92
1.18
1.70
1.19
2.07
1.11
1.49
1.05
1.48
1.60
0.72
1.27
1.22
1.30
2.19
1.15
1.60
0.60
1.62
1.50
1.03
1.30
(b) Elongation at Break (%) (each value is the mean of six tests)
Impregnant None Acrylic Urethane
Leather /  # li el 1 r // el 1 r II el 1 r
/  Direction II 1 II 1 II 1
Full Chrome I 58 77 50 60 54 81.5
Full Chrome II 41.5 34.5 40 33 42 33.5
Vegetable Tanned 24 33 26 34 28 37
Retan I 32 •42.5 37 38.5 33 36
Retan II 39 49 37 45 38.5 48
(c) Tear Strength per Unit Thickness ( kq/mm) 
(mean of four tests)
Impregnant None Acrylic Urethane
Leather
Full Chrome I 2.05 2.64 3.01
Full Chrome II 1.35 1.40 1.48
Vegetable Tanned 1.43 1.58 1.34
Retan I 1.36 1.67 1.60
Retan . II 2.00 1.86 1.95
Relative to the backbone.
Formulations are given in table A.3 .8
Table 5.1.2
Flexural Rigidity (g.cm) of grain leathers and composites from 
table 5.1.1. Measurements taken before and after manual mechanical 
action. Values are calculated from the average overhang length for 
both ends and faces of the cantilever test piece.
Impregnant None Acrylic Urethane
Leather / * 
/ State Before After Before After Before After
Full Chrome I 1.60 1.12 6.00 3.76 7.40 4.70
Full Chrome II 3.40 2.80 11.80 7.40 13.50 9.10
Vegetable Tanned 4.05 1.90 26.20 10.90 12.90 9.70
Retan I 9.60 6.50 . 13.20 6.90 17.80 15.60
Retan II 1.8 1.35 5.30 .3.0 6.35 4.7
Refers to mechanical softening by hand rolling.
Table 5.1.3
Changes in Flexural Rigidity {%) brought about by hand rolling 
expressed as % of value before rolling calculated from table 5.1.2
Impregnant None Acrylic Urethane
Leather
Full Chrome I 30 37.5 31
Full Chrome II 17.7 37.8 32.7
Vegetable Tanned ' 53 .58.5 24.8
Retan I 32.3 47.7 12.4
Retan II 25 43.5 27.0
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Fig. 5.1.3 Typical stress-strain curves for the cyclic linear 
extension of leathers and composites.
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Fig. 5.1.4 Stress softening of full chrome leather and composites 
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composites were softened by repeated extension in the Instron to 
predetermined strains. Extensions beyond 1U% appeared to have less 
influence on leather and on polyurethane composites, than on the 
acrylic counterparts (Fig. 5.1.2).
The load/extension curves of leathers and composites during this 
softening had a number of features in common. The curve for the first 
cycle was a different shape than subsequent ones, had a higher peak 
load, (Fig. 5.1.3), and there was some permanent set. The decline in 
peak stress was dependent on the strain and number cycles (Fig. 5.1.4).
The dependence on number of cycles was greatest for acrylic composites, 
less for polyurethane composites and least for leather.
The residual extension (’X’ in Fig. 5.1.3) increased with increasing
t
initial extension, (Fig. 5.1.5) but there was no real difference between 
composites and both had lower set than leather.
The regularity of the bending stiffness data from controlled extension 
softening was no better than when manual softening was used and did not 
justify further use.
Leather and composites (of both polymers) exhibited Hullin’s effect 
(Fig. 5.1.6) that is, extension to a given strain altered the load/extension 
curve below that strain in the second cycle, but not above it if the 
extension was subsequently continued to a higher strain.
Experiment El
The main contribution of this study was towards the development of 
preparative techniques and data analysis.
The splitting was carried out at a constant nominal machine setting which 
was checked every 10 samples and reset if necessary. Even so the 
specimens ranged from 0.16 to 0.62 mm when the intended value was 0.5 mm.
The experiment was continued in order to examine various analysis techniques 
in case such a spread was to be a regular feature of the work. Part of 
the cause was the different splitting characteristics of the butt area 
in orthogonal directions (Table 5.1.4). This was probably due to different 
directional ’in plane’ compression characteristics of the leather. It is
t overleaf
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Fig* 5 *1.6 Typical examples of the *Mullins1 effect for different 
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Table 5.1.4 Thickness (mm) of leather specimens from four blocks 
cut in two directions, averaged over potential 
treatments and replicates. (El)*
Direction
Location Side
1 r
II el
Back 1 0.55 0.32
Back 2 0 .53 0.36
Belly 1 0.57 0.50
Belly 2 0.39 0.34
Io
g.
n 
Fl
ex
ur
al
 
Ri
gi
di
ty
 
(g
. 
cm
/c
m 
}
JTiL9*, The relationship between flexural rigidity and thickness
for samples of leather from four Jblocks!. (El).
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extremely unlikely to be a machine fault since the specimens were split 
in random order. The ov/erall lower thickness of ’Belly 2* may be a 
function of its transverse compression stiffness, which is also known to 
affect the final split thickness..
Leather stiffness was approximately proportional to thickness to the 
power 2 .6 . (Fig. 5.1.7). The estimate from the Belly, Side 2,is probably 
the most realistic since clustering effects were least in this block. 
Regression equations are inset to the illustration.
A straightforward analysis of variance of leather stiffness confirmed 
block, direction and block x direction effects but there was no bias 
towards potential treatments. This at least suggests that randomization
•j"
of allocations within blocks was reasonably effective (Table 5.1.5). 
Normalization of stiffness values to 0.5 mm thickness were made using the 
relationship
Gn = Gr 0J5 2,6 ......................5.1
t
Where Gn = normalized stiffness,
Gr = real stiffness of a specimen of thickness t mm.
This process removed all but the block differences (Table 5.1.6). Thus 
it is apparent that there are two definite, separable causes of stiffness 
variation, genuine locational ones and largely spurious dimensional ones 
which probably reflect some other directional property of the leather.
Impregnation by dipping produced weight changes depending only on the 
nature of the impregnant and the block (Table 5.1.7). The complete 
absence of any directional effects suggests that changes in leather 
thickness within the range of this experiment, do not influence impregnant 
uptake. The polyurethane solvent, xylene, clearly extracted different 
quantities of soluble matter from the two 'sides* but locational differences 
within a side were small. The acrylic 'solvent* impregnant gave regular 
weight increases presumably of non-volatile, non-polymeric material.
Both the polymer containing impregnants gave greater uptakes than their 
solvents. If it is assumed that in a mixture of the two, polymer and 
solvent (the non-polymer component, volatile or not) act independently, 
it appears that polyurethane polymer uptake is somewhat greater than that
f
of the acrylic (Table 5.1.8). 
t overleaf
Table 5.1.5
Flexural Rigidity (g.cm) of the leather potentially for various 
treatments. (Experiment El)
1 Treatments* Acrylic Urethane
* Polymer* * Solvent* * Polymer * Solvent*
Direction JLr 5.70 4.13 5.99 5.65
r 3.52 2.36 3.25 2.44
l.s0d. 5%> = 2.11
Table 5.1o6
Analyses of variance and specimen data for the flexural rigidity of 
leather from Experiment El, as measured and normalized to 0.5 mm 
thickness using equation 5.1.1.
(a) Significant Effects in Analysis of Variances
Effect
Variance Ratio Probability
(1 ) (2 ) (1 ) (2 )
Direction 17.20 1.02 0.1% N-S
Blocks 5.53 15.48 1 .0% 0.1%
Blocks x Direction 3.10 1.67 5.0% 20%
(b) Data
Block
No.
Direction Means
Location a) (2 ) (1 ) (2 ) (1 ) (2)
1 Butt Side 1 5.70 4.48 1.70 3.33 3.70 3.91
2 Butt Side 2
C"-coO 6.45 3.83 6.49 5.85 6.47
3 Belly Side 1 5.6 4.12 3.32 2.98 4.46 3.55
4 Belly Side 2 2.29 3.07 2.72 3083 2o51 3.45
(1) As measured l.s.d 5%> = 2.21
(2) Normalized to 0.5 mm l.s.d 5%> = 1.45
Table 5.1.7
Nett change in weight (%) after impregnation
*
Impregnant Acrylic Urethane
Polymer 1 Solvent1 Polymer 1 Solvent*
Location
Butt Side 1
+ 12.7 + 5.8 + 4.5 - 3.6
Side 2 +11.0 + 5.6 + 1.2 , - 6.6
Belly Side 1 +12.7 + 5.8 + 4.9 - 3.0
Side 2 +12.2 + 5.9 + 2.0 - 6.6
l.s.d 5% = 1.5 
See Tahle A.3.8 for details of formulations
Table 5.1.8
Calculated Polymer uptakes (%) assuming Solvents’ act independant 
of polymer presence. (Original data - Table 5.1.7).
Polymer Acrylic Urethane
Location
Side 1 6.9 8.1Butt
Side 2 5.4 7.8
Belly
Side 1 6.9 7.9
Side 2 6.3 8.7
Table 5.1.9
Essential Elements of various analyses of composite’s flexural 
rigidity data (El).
Variance Ratio 1 s
Single Variant Co-Variant
Effect d.f a) (2) (3) (4 ) (5)
Replicates (R) 2 0.2 0.62 0.45 0.32 0.65
Impregnants (t) 3
***
17.5
***
15.88
***
62.55
***
56.55
**■*
44.25
Directions (d ) 1
***
27.85 1.94 0.25
■***
11.55 0.93
B1 goks (B) 3
*■*
5.06
***
6.18
**
5.45
*
2.86
**
4.22
R x T 6 0.3 0.96 0.82 1.31 1.46
R x D 2 0.74 1.21 0.95 0.55 1.01
R x B 6 0.77 0.85 1.23 2.14 1.44
T x D 3
0
2.02 1.04 0.52
***
11.8 2.53
T x B 9 0.85 1.50 1.56 0.7 0.73
D x B 3 1.70 0.96 1.24 1.57 1.04 .
Error Variance 57 27.7 17.6 0.33* 6.39** 7.27**
Regression
Coefficient
"
1.235 1.423
(1) and (4) Flexural Rigidity as measured - Impregnated
(2) and (5) Flexural Rigidity normalized to 0.5 mm - Impregnated
(3) Ratio of Impregnated Flex. Rigid/Untreated
0.1^ significance 
l*0?o significance 
5«0% significance 
10.0^ significance
Not to be compared with other error variances, since it was 
derived from much smaller numerical values.
Only 56 degrees of freedom, one is lost due to regression.
***
**
•H*
o
+
tt
Analysis of the composite’s bending stiffness was complicated by the 
initial differences in thickness and inherent stiffness. Five methods 
were examined
(i) Straightforward analysis of measured values.
(ii) Analysis of normalized values. (Using equation 5.1).
(iii) Analysis of the ratio of composite stiffness/leather
stiffness (calculated for every specimen).
(iv) Covariance analysis of measured values for leather and 
composites.
(v) Covariance analysis of normalized values for leather and 
composites.
Examination of the various analyses summarized in Table 5.1.9 further 
illustrates the two sources of scatter. Normalization to remove the 
effect of thickness, reduces-the error variance by about a third (compare 
columns 1 and 2) but allowance for the stiffness of the leather reduces 
it to less than 25% of its unadjusted value (compare columns 1 and 4).
The only advantage to be gained from covariance analysis of normalized 
data is the removal of the spurious directional effect which is really
a thickness effect, since the error variance rises slightly compared with
that obtained by covariance analysis of raw data (compare columns 4 and 5). 
The simplest analysis was that of the ratio composite stiffness to leather 
stiffness (column 3). It leads to conclusions identical to those drawn 
from the more complex analyses and was therefore chosen to study the 
effects of the appropriate experimental variables.
All the composites were stiffer than their parent leathers, to an extent 
depending on the nature of the impregnant. (Table 5.1.10). Although 
the polymer containing treatments produced stiffest composites, the 
acrylic ’solvent1 produced a relative increase as large as the urethane 
polymer (but independent of direction).
the original block differences were not maintained simply because those 
from side 1 increased in stiffness more than those from Side 2 (Table 5.1.11)
Softening by mechanical action produced a 38^ loss in composite stiffness 
overall. Those ’composites* containing polymer lost about 52%o (55%> for 
acrylic, Zl%> for urethane) whereas those resulting from ’solvent’ treatment
t overleaf
Table 5.1.10
Average composite flexural rigidity (g.cm) in absolute terms and 
relative to the original leather* Data are averaged over Blocks, 
Directions and Replicates (El)*
Impregnant Acrylic
Polymer
Acrylic 
1 Solvent*
Urethane
Polymer
Urethane
Solvent*
l.s.d
5%
Flexural
Rigidity (g.cm) 5.96 2.32 3.47 2.08 1.53
Relative ^ ej_
3.62 2.09 1.88 1.34
to
. 4.U I r 3.42 1.90 2.03 1.34
0.47
Leather ±
Table 5.1.11
Mean flexural rigidity of composites from the four blocks 
relative to the leather (El).
Side 1 Side 2
Butt 2.53 1.91
Belly 2.28 2.06
l.s.d 5% = 0.44
Table 5.1.12v-<
Percent loss in flexural rigidity by the composites from different 
blocks* after manual softening. (El)
Side 1 . Side 2
Butt 42 54
Belly 31 26
l.s.d 5% = 12%
Table 5.1.13
Mean flexural rigidity of softened composites relative to the 
original leather. (El).
Acrylic
Polymer
Acrylic 
* Solvent*
Urethane
Polymer
Urethane 
* Solvent*
2.32 1.32 1.10 0.71
l.s.d 5% = 0.40
lost 45^ (urethane) and 44% (acrylic). The least significant difference 
in these cases is 12^.
Specimens from butt locations lost more stiffness than those from the 
belly although there was no great difference between the response of 
the two sides. (Table 5.1.12).
Considered on an * overall change* basis the softened composites of the 
polymers were stiffer than the original leather, so were those of acrylic 
* solvent* but only by about 10%, whilst those of urethane solvent were 
softer than the original leather. (Table 5.1.13).
Apart from the obvious conclusions about the stiffness of various 
composites and the changes which occur after mechanical actions there are 
more fundamental conclusions to be drawn about designs and experimentations. 
Firstly, a crude type of splitting machine is inadequate if sensitive 
bending stiffness studies are to be used. Secondly, if the considerable 
differences in directional splitting response are regularly encountered 
then it would be essential to work on a %> change in stiffness basis.
This means multiple measurements on each sample or a good deal of uncertainty 
as to absolute values of stiffness because of high error variance values. 
Using a dynamic bending method and repeat measurements would place 
restrictions on the number of specimens which could be usefully examined 
in a single experiment. Uncertainty in the absolute values might make 
the data valueless. These considerations lead to two decisions, that a 
better splitting machine or method was required (the final choice has 
already been outlined in section 4.2.1) and that specimens should be such 
that they could always be split with their long axis in one direction 
relative to the backbone. The latter effectively precluded the use of 
the long narrow cantilever specimen aligned in orthogonal directions.
The use of a dipping method for impregnation was also recognised as 
unsatisfactory.
Apart from splitting effects, the directional stiffness dependence due to
(21)
impregnation was small and combined with other observations considered 
later, gave no compelling reason to further study the effects of * direction* 
in any great detail.
Table 5.1.14
Mean Tensile Properties of the leather and composites (El).
Composites
Acrylic
Polymer
Acrylic 
• Solvent1
Urethane
Polymer
Urethane
Solvent
l.s.d.
5%
Leather
Tensile Strength
( m / m ) 15.7 16.6 14.9 14.0 1.3 17.1
Elongation at 
Break (%) 53.4 52.1 45.1 49.1 4.2 40.5
Table 5.1.15
Mean Directional Dependance of Tensile Properties of Leather and 
Composites from El*
Direction II e 1 l r
Leather 14.9 19.3
Tensile (mi\l/m )
Strength Composites 13.6 17.1
Elongation at Leather
38.2 42.5
Break (%) Composites 48.6 51.2
Table 5.1.16
The effect of mechanical action (manual tolling1) on the tensile 
properties of leather (El).
Tensile Strength 
(MN/m )
Elongation at Break
w
*
Not Rolled 17.1 40.5
Rolled 15.9 43.9
**
Estimated l.s.d. 5% 1.8 4.2
* . ■
See Appendix II for explanation (El)
,
Estimated on the assumption that the error variance for the 
small !no treatment1 area is the same as for the main •composite1 
area (Figc A2.1). This probably represents an overestimate of 
the l.s.d for untreated leather.
obtained from tensile tests but it was noted that there was a small 
difference between the shape of the curves for leather specimens cut 
perpendicular to the backbone and those cut parallel to it. The 
curves for those cut •perpendicular1 were slightly sigmoidal, like 
the curves of full chrome I specimens (Fig. 5.1.1) but less pronouncedly 
so. After impregnation even with solvents, the directional differences 
in shape disappeared.
Tensile strength of the acrylic polymer and •solvent* composites was 
higher than that of the polyurethane equivalents. Higher strength was 
also associated with greater extension at break (Table 5.1.14).
Both leather and composites were stronger and more extensible perpendicular 
to the backbone than parallel (Table 5.1.15), although the leather was 
weakened slightly and made more extensible by the mechanical action 
(Table 5.1.16). Similar data are not available for the composites.
The ultimate tensile properties were not greatly altered by impregnation 
but the direction of change was interesting. The higher elongation at 
break achieved with the acrylic polymer and solvent compared with untreated 
leather and polyurethane composite was especially noteworthy. ‘It suggests 
some lubricating action possibly by the extra surfactant.
The general shape of the load extension curve obviously deserves much 
more attention than afforded to it so far. The need to characterize the 
various moduli and points of inflection is clear but, as with bending 
stiffness, the directional effect appears to be swamped by impregnant 
characteristics. The consistent, uncomplicated directional dependence 
of ultimate tensile properties does not excite a need to investigate it 
further.
It was the combined conclusions from tensile and bending stiffness data 
that led to the remainder of the experimental work being carried out on 
specimens cut so that they were stressed parallel to the backbone.
The particular direction is generally that of the stress which induces 
•break’ formation across the vamp of a shoe.
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Table 5.2*1
Mean Thickness (mm) of full chrome and retan leather specimens 
before impregnation. (03).
Nominal Thickness (mm) 0.2 0.35 0.5 0.6
Leather
Full Chrome 0.18 0.31 0.48 0.57
Retan 0.19 0.33 0.49 0.57
l.s.d 5^ o = 0.018 mm
5.2. Main Experimental Results
5.2.1 Preparation and Impregnation of the Leathers
The great spread of thickness found in experiment El was not experienced 
again. Generally the mean thickness for any given experiment was within 
- 5% of the intended value and there was a near normal distribution about 
that mean (Fig. 5.2.1).
Retan leather generally split to slightly greater thickness than full 
chrome (Table 5.2.1).
Immediately after splitting the leather adopted a characteristic curvature, 
full chrome would curl grain surface outermost and retan grain innermost. 
Presumably this reflects different built in stress. After impregnation 
both dried flat, even those impregnated from non-aqueous solvent.
Impregnation was always easy with polyurethanes. Uptake was rapid and 
visually uniform across the specimen. The liquid appeared on the 
reverse side almost at once.
Curtain coating with aqueous systems gave topographic unevenness*as 
evidenced by small localised pools of liquid on the surface. The liquid 
reached the reverse side irregularly (Fig. 5.2.2). Padding gave visually 
uniform topographic distribution and penetration to the reverse surface 
was even.
Of the four aqueous polymers studied in detail, Rl/ll5 was taken up most 
easily, Leather Ground F.S. slightly less easily and LT 76 obviously more 
slowly than the other two.
Padding to saturation with these impregnants gave liquid uptakes of 
50-200/£ of the condition weight of the leather. The operation took 
about 30-60 secs, and a concomitant increase in leather area was noted.
On completion of saturation, weight loss began at once but area increase 
continued for up to 30 mins and thereafter decreased. Limited study of 
the polymers used in the bulk of the work suggests that the weight of 
liquid taken up during saturation depends on the concentration of polymer 
(and therefore of surfactant). Idith L.G.F.S. and Rl/ll5 uptake reached 
a plateau value at 10-15^ solution concentration, but with LT76 it was
t overleaf
Fig. 5.2.2 Illustrating the evenness or otherwise of impregnant 
penetration into 0.5 mm leathers all treated from 
the grain side. (E2).
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still increasing with concentration at 20%* solution strength.
(Fig. 5.2.3)« Retan leather consistently took up more liquid than 
full chrome but attained lower maximum area increases.
The maximum area attained changed smoothly with increasing concentration 
of L.G.F.S. but Rl/ll5 and LT 75 produced ’peaks*, in the response curve 
at 2.556-5% concentration. (Fig. 5.2.3). For data obtained from single 
determination it is not usual to draw such ’peaks* but, the effect 
appeared regularly for both leathers with both polymers and there is a 
good chance that it is real.
Thickness changes were difficult to monitor because of large compression 
effects on the wet specimens. A few measurements made with low contact 
pressure (achieved by removal of the weight from the thickness gauge) 
indicated thickness increases of about 20% arising from the wetting process.
Uptake of liquid L1304 was independent of concentration and produced no 
detectable increase in area or thickness.
Drying under ambient conditions for 24 hrs brought about reversion to 
approximately the original area but some of the gain in thickness remained. 
Subsequent drying for 2 hrs at 50°C in an air oven always gave a nett loss 
of area which was only recovered, in those cases where it was recovered 
at all, after reconditioning ;for 7-10 days. There were lesser changes 
in thickness. These changes continued even though the weight had 
practically stabilised in 4 hrs and after 48 hrs had reached sufficiently 
good equilibrium for re-weighing purposes.
5.2.2 Composition and Dimensions of Impregnated Leathers (Composites)
Conventional histological sectioning and staining confirmed the uneven 
penetration in curtain coating and the general uniformity achieved by
■j.
padding. (Fig. 5.2.4).
Numerous attempts were made to examine the impregnated grain layers by 
electron optical methods but all to no avail. Scanning electron microscopy 
reveals no real detail of the dense fibre network in unimpregnated or 
impregnated grains, (Fig. 5.2.5)."^ Tranmission electron microscopy might 
have been more revealing but preparation of ultrathin sections was not 
sufficiently reliable to enable serious study to be undertaken. The major
^ overleaf
Fig. 5.2.4 Histological section of a curtain coated composite.
The uneven penetration is shown by the unstained, loose 
fibred area indicated. Section thickness 100 pm, 
degreased in petroleum ether and stained with Alkovar Red.
No
Polymer 
here ^
Fig. 5.2.5 SEFls of (a) Leather and (b) Composite (20% polymer).
Specimens were embedded in molten camphene, mounted 
on a freezing microtome and a clean cut made.
The camphene was then removed under vacuum.
(a) (b)
Table 5.2.2
Mean Uptake -of dry polymer variously expressed for different methods 
of preparing the cgmposites (E2). Nominal *add on1 42g/m2 (4.0 g/ft2)
T^ = Curtain Coated and split, T = Split and Curtain Coated,
Tg = Split and dipped
Treatment
'Add on1 g/m^ % *Add on*
T1 • T2 T3 T2 V —
1
* r-o
Polymer
.. ,, L1304 Urethanes >
H51
*
55.8
*
49.5
#
57.0
*
49.5
3.1
1.55
17.8
14.3
1.0
0.6
—
L.G.F.S
Aqueous Binder 17 
Solutions
Binder 18
35.7 
68.2
73.7
37.2 
62.0
65.2
77.5
124.0
130.0
12.5
18.4
20.0
23.3
27.2
39.2
1.86
1.48
1.96
Lankro -E.S .
Binder_ S3
Aqueous Primal LT76 
Emulsions Rl/u5
' , R1/6582
57.4
48.2
51.2 
42.0 
66.6
49.7 
45 ;0
51.3
41.8
66.6
88.5 
90.Q 
79.0 
82.2 
102.5
14.7
14.2
14.3
13.7 
21.2
25.8
27.9 
24.1 
25.5
32.9
1.76 
1.97 
1.69 . 
1.86 
1.55
■jf
Not curtain coated - spray applied
Table 5.2.3
Mean polymer uptake (%) versus leather thickness. (E3).
Polymer L1304 L.G.F.S. Rl/115 LT 76
0. 2mm 7.,78 20.0 20.1 19.6
. . 0.35mm Thickness
7.87 17.1 21.3 16.2 .
t v 0.50 mm (Nominal)
9.10 17.8 16.2 16.8
0.60 mm 12.0 12.7 16.8, 17.3
l.s.d 5% = 2.9
difficulty was very poor penetration of the embedding resin into the 
dry composites. Reliance was eventually placed on the evidence from 
optical microscopy that polymer penetration was uniform.
The polymer uptakes for curtain coated or dipped retan leather (E2) are 
given in Table 5.2.2. Comparison of the superficial dry polymer 
loading for treatments T^ and suggest a reasonably repeatable process 
for a given polymer but there are considerable differences for the 
’add on’ of different polymers. However, the differences are in part at
any rate, more apparent than real. The aqueous impregnants showing 
greatest deviation from the intended values, i.e. Binder 17, Binder 18 
and Rl/6582 are those whose formulations contained a high proportion of 
non-volatile, non-polymeric additives, and the formulations were 
calculated to yield approximately constant quantity of polymer excluding 
additives. This was done for reasons connected with the technological 
experiment with which El interlocked.
Making allowance for formulation features and expressing ’add on’ as a 
fraction of specimen weight, curtain coating gave quite reasonable control 
over polymer to leather ratio at this one particular composition. The 
spray application of the urethanes was at a similar level of consistency.
Specimens dipped into the spraying or curtain coating formulations gave 
about 70^ o greater uptake than those actually curtain coated for aqueous 
formulations, but very much less than the sprayed specimens with 
polyurethanes. The latter effect must be due to loss of solvent solubles 
from the leather. In the former case the increase is probably due to 
saturation.
The saturation by spraying or padding with controlled solution concentration 
provided a simpler means of control over polymer uptake but a different 
response for the three aqueous and one organic solvent liquids studied in 
depth. The uptake of L 1304 was numerically only slightly greater than 
the solution concentration from which it was applied. With aqueous 
impregnants it was nearly twice the value. (Fig. 5.2.6).*
Thinner leathers took up more aqueous based but less organic solvent based 
impregnant than did the thicker leathers. (Table 5.2.3).'
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impregnants of different solids content. (E4). 
Formulation details are given in table A.3.7.
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Regression Equations
A
seb
L1304 U =1.140 + 0.88 0.998 0.071
L.G.F.S U = 2.040 +1.27 0.991 0.126
RI115 U =1.830+3.28 0.995 0.084
LT 75 U =1.830+1.17 0.983 0.152
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uncureo Liouq- in various quancicies ^expressed as m e  
weight increase of the leather after saturation with 
impregnant solution and removal of solvent vapour).
The leather was either dry (P205), but with full grease 
'‘content, or dry and degreased with xylene prior to 
impregnation. All weight changes are on dry (P90q) 
basis.
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E = 0.93P + 1.73 r =0.974
o Not Extracted
E =0.91 P +9.5 r =0.965
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Table 5.2.4
Average area changes (%) of full chrome and retan leathers (E3 and E@) 
after impregnation with various polymers, drying and reconditioning.
^\Leather
Polymer.
Experiment E3 Experiment E4
Full chrome Retan Full chrome Retan
L1304 + 0.25 - 0.19 + 0.18 - 0.25
L.G.F.S + 1.4 + 2.17 + 2.18 + 2.47
Rl/115 + 0.7 + 2.22 + 2.15 + 2.00
LT 76 + 0.15 + 1.19 + 0.50 + 1.96
1.s.d 5% = 0.975 l.s.d 5% — 1.0
chrome, usually the difference amounted to about 5-10fo of the uptake 
of full chrome. Only in experiments E5, E6 and E14 did the effect 
become statistically significant when the full chrome composites of 
LT/76 contained only 75% of the polymer in the retan composites prepared 
from the same impregnant baths. These three experiments were made on 
the same side of full chrome leather which appeared to be particularly 
resistant to wetting. The combination of this and the lower wetting 
power of LT/76 was almost certainly the cause. In those same experiments, 
the highest level of L 1304 offer aimed at giving composites containing 
25% polymer, yielded 40^ uptake in both leathers although at all other 
offers, the intended level was achieved. There is no apparent explanation.
As a preliminary to E13 it was demonstrated that L 1304 remains uncured 
in leather and can be .extracted along with other solvent soluble matter. 
(Fig. 5.2.7). L 1304 composites of xylene extracted leather (9.4/6 
extractables), stored over P2 °5 anc* re-extracted, had a xylene soluble 
content which extrapolated almost to izero1 polymer content. Omission 
of the first extraction gave a plot which extrapolated to 9.5^ 6 extractables 
at *zeroi polymer content, in excellent agreement with the value for the 
leather. The slopes of the two lines are identical statistically.
The difference between the dimensions of a given piece of leather and the 
composite produced from it depended on both the type and quantity of 
polymer present in the composite. Composite area increased with increasing 
polymer content and was greater than before impregnation. (Fig. 5.2.8).
The regression equation for LT/76 excluded one experimental point because 
prior calculation with its inclusion gave a nearly horizontal line which 
obviously did not represent the remaining points at all well.
Retan composites generally showed greatest overall area increase 
(Table 5.2.4) but were less sensitive to changes in original leather 
thickness than full chrome. (Fig. 5.2.9).
Thickness changes were not linear, they passed through a maximum at 
10-20^ polymer content for aqueous impregnants but L 1304 gave somewhat 
irregular results. In E3 it gave a curve much as the other polymers
*t*
but in E4 its response was practically flat. (Fig. 5.2.10).
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Fig. 5.2*9 Average area increase, of full chrome and retan leathers 
of different thickness, after impregnation, drying and 
reconditioning. (E3).
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Fig. 5.2.10 Average increase in thickness of leathers impregnated, 
dried out and reconditioned to give composites of four 
polymers and a range of polymer contents. (E4).
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Table 5.2.5
Mean changes in thickness resulting from impregnation, drying 
and reconditioning of full chrome arid retan leathers of different 
original thickness. (E3 and E4).
Change in Thickness
Experiment E3 E4
Initial Thickness mm 
(Nominal) 0.2 0.3'5 0.5 0.6 0.5
Full Chrome +4.67 +4.97 +3.47 +4.98 +3.6
Leather
Retan +9.47 +7.06 +6.70 +6.28 +6.3
E3 l.s.d 5% = 1.5 E4 l.s.d 5% = 1.25
The regression analyses of data from Rl/ll5 and LT/76 composites
exclude one observation. The actual regression curves were barely affected
2
by these exclusions, but the R values were very greatly increased from 72$ 
and 45$ respectively to 91.5$ and 71.8$.
The data for L.G.F.S. composites presented a more difficult case.
Inclusion of all data in the analysis produced a curve which did not fit
2
the majority of points well, and also had a low R value. Exclusion of 
two points gave a good fit to the remainder and an equation very similar 
to the other polymers, but with a higher constant.
The data from E3 for Lankrothane 1304 gave an equation which appeared to 
encompass three of the points from E4. Re-analysis of the seven data 
gave an equation very similar to the first. It is this composite analysis 
which is given in Fig. 5.2.10.
In line with changes in area, retan leather increased more in thickness 
than full chrome and also showed a response dependant on original thickness. 
(Table 5.2.5).
The apparent density of the composites increased linearly with polymer
■f
content. (Fig. 5.2.11). If no,change in dimensions occur during 
impregnation, the composite density p c is related to the leather density
P[ by:-
p = p  f1 + JL.) .........    5.2
i c n  ^  * 100;
where P = Polymer content of the composite as $ of
original fibre weight.
t
Thebroken lines in Fig. 5.2.11 show the theoretical response based on 
equation 5.2 and the measured value of the density of untreated specimens.
t
Comparison of the four response plots (Fig. 5.2.11) immediately suggests 
three features for investigation.
i) L 1304 composites follow the theoretical line.
ii) The aqueous treatments all fall below the theoretical line.
iii) The line for L.G.F.S. composites has a lower slope than
those of Rl/115 and LT/76.
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Fig* 5.2.11 The average apparent density (g/ml) of composites of 
different polymer content formed from four polymers.
The regression line of Apparent Density versus polymer 
content of the composites is compared with the theoretical 
line calculated from Equation 5.2.
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Table 5.2.6
Hean Apparent^Density of leathers and composites as a function of 
leather thickness. .(E3 and E4)
Thickness (Nominal) mm
E3 E4
0.2 0.35 0.5 0.6 0.5
Full Chrome
Leather
Retan
0.577
0.546
0.567
0.556
0.547
0.584
0.564
0.582
0.565 )
) N/s
0.577 ^
Full Chrome
Composites
Retan
0.647
0.595
0.633
0.617
0.622
0.644
0.636
0.639
0.655 )
) N/S 
)
0.670
l.s.d 5% Leather E3 = 0.011 E4 = 0.014
l.s.d 5% Composites E3 = 0.015 E4 = 0.016
■&
But is consistent with E3 data
Fig. 5.2.12 The spread of stress-strain curves of full chrome and
retan leather obtained from single sides of leather. (E4). 
The line for the stiffest polymer used in this work is 
included to the same scale.
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The first is so evidentially true as to be unnecessary of further 
examination. The second requires that a single sided *t test* be 
made on the slopes of the lines compared with the theoretical slope,
i.e. the intercept divided by 100
K — Bt = ' / (estimated standard error of B)
Using the slopes and standard errors given in Fig. 5.2.11 it is easily 
shown that the regression lines fall below the theoretical with a 
probability greater than 0.1% for L.G.F.S. composites and greater than 
0.2% for composites of Rl/ll5 and LT/76. The slopes of the latter lines 
are also greater than that of L.G.F.S. composites with better than 5% 
probability.
The deviations from theoretical are therefore small but experimentally 
useful since they provide a check that the dimensional changes recorded 
are real and not arising from unpredicted changes in measurement techniques.
There were differences between the two leathers. Full chrome leather 
and composites of 0.35 mm and less in thickness were denser than- those 
of retan but the position was reversed at 0.5 mm and above. (Table 5.2.6). 
The effects are probably due to the chemical composition of the leather.
5.2.3 Tensile Test Behaviour 
Leathers
The general shape of the load extension curves of the two leathers has 
already been described# The variations likely to be encountered in a 
single experiment are typified in Fig. 5.2.12. Full chrome shows a high 
initial modulus which subsequently decreases at higher strains. It is 
doubtful whether any section of the curve is truly straight, the apparent 
linearity up to about 10%> extension is probably due to inadequate resolution 
on the small plots obtained. However for practical purposes of measurement 
this has been taken as straight. In the parts of the side used in this 
work, full chrome leather was generally quite regular in stress response 
but there were always a few specimens with high moduli for no apparent 
reason.
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Fig*. 5.2.13 Stress-straih curves for the ten polymers used in £2.
Data obtained at a strain rate of 0*5 min"'1' on-films 
approximately 0.5 mm thick.
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Retan leather grains had a curved low strain region of increasing 
modulus followed by a rather straight section almost up to rupture.
There was sometimes a reduction in modulus just before rupture. There 
was a wider spread of stress response than in full chrome but •rogues* 
of extreme behaviour were practically absent.
Detailed effects of strain rate and test temperature on leather behaviour 
are given later, suffice it to say at present that they are small.
Free Films of Polymers
Impregnant polymers are highly extensible, typically extensions at break 
are 400-1000^ and with certain polymers values in excess of 2000% are 
commonly recorded. Their behaviour is very dependent on strain rate.
Fig. 5.2.13 illustrates the diverse behaviour of the polymers used in 
E2 tested at 5.0 min . The polyurethanes and some of the acrylic 
emulsions polymers showed fairly typical elastomeric response with an 
initial high modulus which subsequently decreased at moderate extension 
(100-300/&) and then increased again up to rupture, which occurred 
catastrophically. At the other extreme, the aqueous solutions polymers 
generally had a high initial modulus, but not as high as that of the 
stiffest emulsion polymers, and exhibited a peak stress at about 75-100^ 
extension. Thereafter the apparent stress declined and considerable 
thinning of the specimens occurred. There was no means available to 
determine true stress-strain relationships. Rupture often did not occur 
within the limits of crosshead movement available (2000/£) and when it did 
it was not catastrophic but rather slow by what appeared to be a flow 
mechanism.
The more extensible emulsion polymers behaved partly like the elastomers 
and partly like the acrylic solutions. An initially high modulus fell 
to a near steady value at rather low extension (ca 100^) and at much 
higher extension (ca 500^) declined further to be followed by a 
catastrophic failure, if it occurred at all. There was usually a good 
deal of immediate recovery (Tsnap back*) of the broken ends unlike the 
acrylic solutions.
Numerically, the behaviour of the polymers has been characterised by the, 
initial modulus, the maximum tensile strength and the elongation at break 
(Table 5.2.7) ^ overleaf
Table 5.2.7
Tensile Properties of the impregnant polymers used in E2.
Measurements made on free film approximately 0.5 mm thick. Strain rate 
5*0 min 1. Specimen 2.0 cm x 0.5 cm approximately 0.05 cm thick.
Each value is the mean of six results.
Polymer Initial
Modulus
m / m
Tensile
Strength
m / m
Elongation 
at Break 
(»
Polyurethane LI 304 1.10 1.31 395
H. 51 1.16 1.11 280
Acrylic
Solution
L.G.F.S 0.30 0.10 1500
Binder 17 0.40 0.203 670
Binder 18 0.18 0.13 > 2000
Acrylic
Emulsion
Lankro ES 0.80 1.42 > 2000
Binder S3 0.27 0.14 1500
Primal LT 76 0.96 1.50 860
R1/115 0.25 0.19 > 2000
Rl/6852 0.24 0.74 2000
Mg, b.z,14 The strain rate dependance of stress-strain response for the 
four principal polymers, and the specific strain rate 
dependance of their initial modulus and tensile strength.
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used polymers is illustrated in Fig. 5.2.14 and detailed in Table 5.2.8.*
In general moduli and maximum tensile strengths increased with increasing 
strain rate whilst elongation at break declines. Only Lankrothane 1304 
in its elongation at break did not fit the pattern when data mere rather 
scattered but the specimens tested at 5 mins ^ consistently achieved 
higher extensions at break than those tested at lower strain rates.
The strain rate dependance of tensile strength and initial modulus was 
never simple. (Fig. 5.2.14). With LT76, the tensile strength linearly 
increased with lo^g (strain rate). The same was true for initial modulus 
of L 1304. However, the rate dependance of the tensile strength of 
L 1304, Rl/ll5 and L.G.F.S. and of the initial modulus of Rl/ll5 and 
L.G.F.S. is better expressed by a power law of the form
° T =  K (l09 d t ~
= tensile strength 
d S = strain rate
dt
Even this is an incomplete expression of the behaviour because the tensile 
strength of Rl/ll5 and initial modulus of Rl/ll5 and L.G.F.S. show a ^tep* 
in going from'5.0 min ^ to 25 min . It is also arguable that at 0*5,
5.0 and 25 min 1 the tensile strength of L.G.F.S. and L 1304, and the
initial modulus of LT 76, increase linearly with l°9j_g (strain rate) but
at 50 min ^show a sudden step to a higher value.
Elongation at break data have not been plotted because L 1304 is so little
affected by strain rate whilst L.G.F.S. and Rl/ll5 data contain points at 
>2000^ and therefore cannot be meaningfully represented. There is 
however a general tendency to reducing elongation at break with increasing 
strain rate.
Composites
■f-
Fig. 5.2.15 shows stress-strain curves for individual specimens taken 
from E4. They illustrate the main points of the effect of individual 
polymers on full chrome and retan leather.
overleaf
Table 5.2.8
Tensile Properties of the four Principal polymers tested at four 
strain rates. Specimen 2.0 cm x 0.5 cm. Approximately 0.05 cm 
thick. Each data is the mean of six measurements.
Polymer Strain 
Rate , 
(min )
Initial 
Modulus ■ 
(MN/m )
Tensile 
Strength 
(MN/m )
Elongation 
at Break 
( »
Lankrothane 0.5. 0.64 0.78 450
1304 5.0 1.09 1.15 350
25 1.00 1.46 430
50 1.58 2.02 500
L.G.F.S 0.5 0.21 . 0.029 >2000
5. 0 0.30 0.095 2000
25 0.68 0.139 1850
50 0.76 0.560 1540
Rl/115 0. 5 0.21 0.105 >2000
5. 0 0.36 0.16 >2000 >
25 0.65 0.62 2000
50 0.67 0.72 1830
LT 76 0.5; 
5. 0 
25 
50
0.53
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0.74
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0.37
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The aqueous based impregnants changed the response of full chrome 
leather from a relatively smooth curve exhibiting decreasing modulus, to 
a two part curve. Up to about 4-5$ extension the response was nearly 
linear, followed by a short section of decreasing modulus and from 
about 12$ extension to just before rupture the modulus was nearly 
constant. Sometimes this linear section extended right up to rupture 
but usually there was a short section of decreasing modulus just before 
rupture occurred.
L 1304 composites largely retained the shape of untreated leather at 
higher strain but the initial part of the curve was highly linear up to 
about 10$ extension.
Retan composites had three distinct curve types. Those of L 1304 had 
a curve'very similar to their full chrome counterparts, with an initial 
nearly straight section followed by a decreasing modulus up to rupture.
The composites of aqueous impregnants had two kinds of curve. The first 
was practically identical to that of the equivalent full chrome composites. 
An initial linear part was followed by a sharp change at about 5$ extension 
to a lower modulus but nevertheless linear section extending to xupture.
The second type was somewhat sigmoidal. The initial linear section began 
to curve at about 2-3$ extension and the modulus decreased up to about 
10$ extension, became steady over a short range of extension and thereafter 
increased to a terminal linear section extending from about 25$ extension 
up to rupture.
The first type of curve was associated with strong polymers (LT 76 and 
Lankro ES), high polymer content (usually above 15$) and higher strain 
rates. The sigmoidal curve was associated with softer polymers,' all the 
aqueous solution polymers*, Binder S.3., Rl/ll5 and Rl/6582; lower polymer 
contents (below 15$) and lower strain rates. Of the four polymers most 
widely used, the sigmoidal curve occurred so rarely in LT 76 composites 
that it can be safely assumed to be uncharacteristic of those materials. 
Even in .Rl/ll5 and L.G.F.S. composites its occurrence was not sufficiently 
regular to allow a detailed characterisation of the curve.
In the event all stress strain curves have been characterised by five 
parameters.
Initial Modulus (HI) taken as the slope of the curve in the 
region where it was a straight line at the resolution available 
with a chart speed to crosshead speed ratio of 10:1 and rupture 
stress occurring with between 50$ and 75$ full scale deflection 
on the load axis. (Fig. 5.2.15).
(ii) Secondary Modulus (lv12)taken as the slope of the linear portion
of the curve usually occurring at extensions above 15$, In the cases 
where this section was non-linear., (polyurethane composites and 
full chrome leathers) a tangent was constructed at 25$ extension 
where the modulus was generally changing least rapidly.
(Fig. 5.2.1s)•
(iii) Yield Point (Y), the extension at the intersection of the projected 
lines of Ml and M2, Fig. 5.2.15 * Its position was much easier 
to estimate than either the first point of departure from linearity 
of the initial portion or the first point of linearity at higher 
extension. Where a sigmoidal curve existed the intersection of 
the M^ projection with the projected line of the short straight 
section at about 15$ extension was taken to be !Y*. (L.G.F.S. retan
composite in Fig. 5.2.1s).
(iv) Maximum Tensile Strength. Calculated from maximum load and original 
cross-sectional area.
(v) Elongation at Break. Calculated from the maximum extension and original 
jaw separation.
No attempt has been made to generate empirical regression equations to 
describe the curves mainly because such equations become rather meaningless 
when it is so obvious that the curves are multi-sectional.
At the strain rate conventionally used to test leather (5 min ^) moduli 
and tensile strength increase with increasing polymer stiffness and content. 
Elongation at break decreases with increasing polymer content and decreasing 
polymer extensibility. The yield strain (Y) decreases with increasing 
polymer content, is not influenced by polymer mechanical properties but 
does depend on the medium of application. It occurs at higher strain 
with polyurethane impregnants. These changes are illustrated in 
Figs, 5,2.16 - 19 (overleaf)
fig* 5.2.16 Typical stress-strain curves of Rl/ll5 composites. (E4).
Key 1' - 7 = Increasing Polymer Content; L = Leather;
S = Surfactant only.
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Fig. 5.2.17 Typical stress-strain curves of LT 76 composites. (E4).
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Fig. 5.2.18 Typical stress strain curves of L1304 composites. (E4). 
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Fig. 5.2.19 Typical stress strain curves of L.G.F.S composites. (E4). 
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Mean Ml (MN/m ) values of retan composites from E2. Strain rate 
0.5 min \  see table 5.2.2 for compositional details.
^Preparative 
^^^^JMet h o d 
3olymer
" T1 
!Preg & Split
T2
Split & sPreg
T3
Split & Dip
Polymer
Means
L1304 48.8 45.9 46.9 47.7
H51 45.9 50.6 19.4 38.7
L.G.F.S 41.8 55.0 78.7 58.5
Binder 17 49.8 70.6 48.7 56.1
Binder 18 39.2 48.9 58.9 48.9
Lankro ES 44.5 59.6 96.3 66.7
Binder S3 43.95 58.9 52.4 • 51.6
Primal
LT 76 66.7 74.9 69.5 70.2
R1/115 40.0 44.7 51.0 45.3
Rl/6582 43.75 66.7 49.8 53.8
Treatment Means 46.5 57.5 57.1
Original Leather = 17.66 
l.s.d 5% cells 13.7
l.s.d 5% Means of Rous 9.22 (at 1% = 11.3)
l.s.d Means of Cols 4.37
Fig. 5.2.20 Average composite initial modulus versus polymer initial
modulus measured at 0.5 min strain rate (£2 and £3).
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When different strain rates are used the picture becomes much more 
complex because uith Rl/ll5 and L.G.F.S. composites, elongation at break 
increases with increasing polymer content at low strain rates (0.025 min”1), 
but at high strain rates (25 min decreases with increasing polymer 
content. Also other factors such as leather type and thickness need 
to be taken into account. Illustration using complete stress-strain 
curves are then no longer simple and plots of the five individual 
characterizing parameters give a clearer quantitive picture.
Initial Modulus
Composites prepared by impregnation uith aqueous treatments before being 
split off uere aluays less stiff than those curtain coated or dipped 
after splitting. (Table 5.2.9). Composites of polyurethanes did not 
seem to be much influenced by preparative method except for one group 
(Permuthane H51, dipped) uhich had anomously lou values, probably by a 
chance allocation of specimens.
The differences betueen those specimens split and curtain coated, or 
split and dipped, uere less regular for the different polymers and overall 
there uas no difference in stiffness betueen the tuo methods. ‘The result 
is rather surprising at first sight since the dipped specimens contain 
substantially more polymer than the curtain coated ones. Houever it 
became apparent later that even greater differences in polymer content 
uould have been needed to produce readily detectable changes.
On average the Ml of retan composites increases linearly uith the initial 
modulus of the polymer. (Fig. 5.2.20). The illustration includes data 
from E3 for specimens of comparable thickness and polymer content but the 
regression equation uas calculated for aqueous treatments only from the 
E2 data to reduce clustering effect uhich is in any case present because 
of the similarity in initial modulus of five of the ten polymers used. 
Polyurethane composites lie uell off the regression line for aqueous 
polymer composites.
The regression line extrapolates to a composite modulus of 44.7 Ml\l/M at 
^ e r o 1 polymer modulus. This compares badly uith the value for retan 
leather of 17.7 Ml\l/M but is close to the typical full chrome value 
38-40 MN/M2.
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Measurements made at 5.0 min strain rate. (E4 ).
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the relationship uas not simple, depending on both the polymer and leather, 
uhich appeared as a Q x P x L interaction in the analysis of variance.
In composites of L.G.F.S and LT/76, Ml increased linearly uith increasing 
polymer content. The same regression line fitted data for full chrome 
and retan composites except for the ’soap only1 points and retan leather 
(Fig. 5.2.21). There uas a someuhat greater difference betueen the full 
chrome and retan composites of Rl/ll5. The former exhibited a linear 
relationship betueen Ml and polymer content, passing through the ’no polymer1 
point, uhereas the latter folloued a quadratic response uhich encompassed 
retan leather, its composites and ’soap only’ treatment as uell as the 
’soap only’ treated full chrome. The value of Ml rose to a maximum at 
about 34% polymer content and thereafter declined.
Polyurethane composites of both leathers also exhibited linear increases 
in Ml uith polymer content and it uas particularly noticeable that the 
lines extrapolated to zero polymer content at Ml values very close to 
those of the original leathers.
The data in Fig. 5.2.21 uere obtained from a single experiment (E4) uhich 
uas carried out as confirmation of findings in an earlier experiment (E3) 
covering a restricted range of polymer content. Straightforuard comparison 
of the regression equations obtained from E3 and E4 did not suggest very 
high consistency betueen experiments in all cases. Houever, uhen the 
individual points for specimens 0.35 mm and 0.5 mm-thick from E 3 are 
plotted.to the same scale as the principal data, the trend in the tuo 
experiments are identical and indeed many of the points from E3 fall uell 
uithin the error bars of the data from E4. (Fig. 5.2.22).^ For simplicity 
the experimental points from E4 have been omitted. liJhere there are 
overall differences betueen composites of a particular leather in the tuo 
experiments these are very likely to be real and no more than a reflection 
of the differences betueen the original pieces of leather from uhich the 
experimental specimens uere cut.
The data so far discussed uere obtained at 5 min ^ strain rate. In E4 
specimens uere also tested at 0.25 min \  2.5 min ^ and 25 min \  The 
Ml values at the highest speed are not reliable because of lag in the 
if sec recorder available at the time, although the record of other 
parameters uas satisfactory.
t overleaf
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The data'obtained at each of the other speeds uere analysed separately 
and had error variances similar to each other and to that obtained at 
5 min ^ and the points to note are:-
(i) The Polymer x Quantity x Leather interaction disappeared at
2.5 and 0.25 min ^ strain rate because,uith Rl/ll5 composites 
the difference betueen the tuo leathers largely disappeared. 
Regression analysis still demonstrated that a quadratic fit is 
best for the retan composites of Rl/ll5 and a straight line for 
those of full chrome.
(ii) Composites of the tuo leathers behave differently uith L 1304 
at all strain rates.
(iii) With L.G.F.S. and LT 76 both leathers respond in the same 
manner as previously noted, excluding the *no polymer* and 
* soap only* treatments.
Since polymer moduli are strain rate dependent and composite Ml is
dependent on polymer Ml, it might have been expected that composite
moduli uere also rate dependent. The evidence from this experiment
uas not conclusive on this point but at best indicative. The slope of
the regression lines for L.G.F.S., LT 76, Rl/ll5 (F.C.) and L 1304 (R.T.)
increase uith increasing strain rate (Table 5.2.10) but the difference
-1 -1
betueen the values at 0.25 min and 5.0 do not reach the 95$ confidence 
values.' The intercept values are also statistically homogeneous. With 
full chrome composites of L 1304 the change of slope uith speed uas not 
regular.
The quadratic response of Rl/ll5 R.T. composites gives no clue as to 
the effect of strain rate, either by.the zero polymer value, the maximum 
value of Ml attained or the polymer content at the maximum. Houever, 
the constant part of the response decreased uith increasing strain rate 
and since the overall mean values uere similar at all strain rates, this 
suggests an increased sensitivity to polymer presence as strain rate 
increases.
A small 1 ad hoc1 experiment using composites of about 20$ polymer content 
cut from a restricted area of leather (18 cm x 10 cm) demonstrated that 
Ml is dependent on ioQjg (strain rate). The full scale split plot design 
E5 uas then developed and executed.
function of composition and strain rate- (E5)
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Fig* 5.2*24 Initial modulus of retan composites as a function 
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It should be pointed out that the levels of polymer used in E5 uere 
generally from 3^ to 25/6 for aqueous polymers and to 40^ 6 for L 1304.
This range is more in keeping uith industrial practice, and covers the 
range in E3 over uhich there uas generally no difference betueen leathers 
as polymer quantity increased.
The method of data analysis is given in the notes on E5, Appendix II. 
Interpretation is complicated by a highly significant four factor 
interaction S x P x Q x L (0.1^6). This may be due in part to the 
different uptakes achieved for the different polymers at uhat are 
considered by the analysis as equivalent levels of Q. It is not the only 
reason houever.
The results are presented as triaxial plots of the response surface for 
the composites of four polymers and tuo leathers separately. (Figs. 5.2.23 
and 5.2.24) including the * no polymer* data. These plots uere constructed 
as follous. Firstly the line for *no polymer* specimens uas draun.
Then the best fit to increasing quantity at each speed uas draun and 
finally the Ml v Q lines for 0.05 min ^ and 50 min 1 uere joined at each 
value of polymer content. A straight line uas used for retan composites 
and a curve for full chrome. The validity of this approach is borne out 
by the number of occasions on uhich the vertical projection of an 
experimental point falls directly on the intersection of tuo surface 
construction lines.
Multiple linear regression analysis uas also carried out on the data for 
the composites only and again, separately, including the * no polymer* 
data. It is questionable houever, uhether the latter approach is justified 
since there is probably a discontinuity of structure in going from 
*no polymer* to any level of polymer. Neither method gave a high degree 
of fit to the data, probably because some of the responses are not linear, 
thus only the * empirical* response planes are presented.
The reasons for the statistical interaction S x Q x P x L are apparent from 
these plots. The retan composites of Rl/ll5 shou log-linear strain rate 
dependance of Ml at all polymer contents and a quadratic dependance' on 
polymer content, much as uas observed over a comparable polymer content 
range in E4. The full chrome composites of this polymer had a much 
greater rate of increase in Ml uith increasing polymer content than retan and
their strain rate dependance, whilst nearly linear over the three lowest 
strain rates, fell markedly below the projected line at the highest 
strain rate giving overall curvilinear response. It is also worth noting 
that the full chrome composites of lowest polymer content had a lower 
modulus than the untreated specimens. Since the latter are not included 
in the analysis they in no way influence the interaction but it is not an 
easy matter to decide whether the low polymer content specimens were 
inherently softer than the rest of the Rl/ll5 * block* or whether the effect 
is real. It seems most likely that it is real, for three reasons
(i) The error variance for this experiment is lower than in previous 
ones, uhich suggests that the general regularity of the leathers
used uas someuhat higher than previously. (The standard error of
2 2 
a.single specimen uas 8.02 MN/m compared uith 12.09 MN/m in E4).
(ii) Within blocks the plots allocated.to * quantity* were small and the 
no treatment specimens from betueen the plots show no evidence of 
a * soft-spot* in the Rl/ll5 block.-
(iii) There is a suspicion that a similar situation occurs uith LT 76 
full chrome composites of low polymer content.
The LT 7.6 composites are the other major source of the interaction.
Those based on full chrome had a lower strain rate dependance than those 
from retan at all polymer contents. On the other hand, the dependance on 
polymer content is very similar for the tuo types at all strain rates 
except the lowest and then full chrome composites increase in Ml more 
rapidly than retan for the same increase in polymer content.
The data for L 1304 and L.G.F.S. composites do not contribute greatly to
the interaction since in each case the response plane for full chrome 
composites is very similar to that for retan but displaced to a higher 
Ml value commensurate uith the difference in moduli of the leathers.
For L 1304 materials this is exactly analogous to the situation in E4 
(Fig. 5:2.20) but not uith L.G.F.S. composites. On the other hand, 
although most of the experimental points for full chrome and retan 
composites of L.G.F.S. from E3 fell within the error bars of the data 
from E4,. there is a fairly strong indication of a divergence in the
response of Ml to increased polymer content in that experiment. (E3). It
therefore seems quite likely that full chrome composites of L.G.F.S. are 
of someuhat variable behaviour.
Table 5.2.11
2
Mean response to changing temperature of Ml (MIM/m ) for composites 
of two leathers. (E6) (L x T interaction sign, at 5%)
Leather^.—
-— -"Temperature Tg + 20 Tg + 10 Tg - 10 Tg - 20
Full chrome 164 154.3 385.3 331.2
Retan 164 179.5 440 394.4
2l.s.d 5% between two leathers at one temperature = 66 MN/m
2l.s.d 5% between two temperature means for one leather = 35 MN/m
Table 5.2.12
2
Mean response to changing polymer content of Ml (MN/m )for composites 
of two leathers. (E6)
Leather^----
^^^--^^Liantity
Q1 Q2 Q3 Q4
Full chrome 141 212.5 270 411
Retan 130 199 343 505
. o
nominal l.s.d 5% = 35 MN/m
Regression Equation for the two leathers using actual polymer uptakes.
Full chrome Ml = 10o93 Q + 120.8 r = 0.994 s.e.b = 1.69
Retan Ml = 11.99 Q + 107.9 r = 0.988 s.e.b = 2.69
Table 5.2.13
2
Mean values of Ml (MN/m ) at different temperatures for composites 
of the four principal polymers. (E6)
Polymer,^ -^--'---''''' 
^---^^-Temp e r a t u r e Tg + 20 Tg + 10 Tg - 10 Tg - 20
Polymer 
Tg K
L1304 177 249 686 530 219
L.G.F.S 117.5 113 324 264 263
R1/115 211 157 345 353 252
LT/76 149 148 295 305 258
l.s.d 5% = 50 MN/m2
The Ml values of the other composites at 5 min strain rate compare 
uell uith those obtained in E4 at the same strain rate, both in 
absolute values and in response to increasing polymer content. Those 
from LT 76 uere about 5-10^ less stiff than in E4 and those from L.G.F.S. 
about 10% stiffer. Those from L 1304 and Rl/ll5 uere in even closer 
agreement uith E4 data.
Besides being strain rate dependent, mechanical properties of polymeric 
composites are usually temperature dependent.
This aspect has been briefly studied for the four principal polymers
(Experiment E6). The method of lou temperature control uas not highly
sophisticated and cannot be considered to give precise data and in any
case there are severe difficulties in separating effects of lou temperature
and reducing moisture content. The nitrogen gas stream uould contain
very little moisture after passing through a cooling coil immersed in liquid
nitrogen and uould therefore dehydrate the composites. Houever, by
restricting measurements to temperatures just above and just belou the
polymer Tg,the glass change in the polymer is likely to have a greater
effect on composite behaviour than the concomitant change in moisture
content. There is the added difficulty that, in relating test ’temperature
to polymer Tg, different absolute test temperatures uere used. To help
interpretation the control specimens uere tested at five temperatures
covering the range of the highest polymer Tg + 30°C to the louest Tg - 30°C.
t
Their responses are shoun in Fig. 5.2.25. Modulus increased uith falling 
temperature, someuhat more rapidly and regularly for retan than full chrome.
In the composites, responses to changing temperature uere much simpler 
than to changing speed. There uere no significant three factor 
interactions. Of the tuo factor interactions the Temperature x Leather 
uas smallest (5^) and reflected the behaviour of the parent leathers.
(Table 5.2.11). Both the Quantity x Leather {±%>) and Temperature x 
Polymer {!%>) interactions probably arise partly from different uptakes of 
the polymers and leathers uhilst T x P probably depends additionally on 
the absolute test temperatures used for composites of different polymers. 
(Tables 5.2.12 and 5.2.13).
The Temperature x Quantity interaction uas the most important (0.1^ 6 
significance) but it uas quite apparent that it uas due to the different
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Fig. 5.2.25 Initial Moduli of full chrome and retan leathers 
as a function of test temperature. The leathers 
uere 0.5 mm thick, tested at 2.5 min"1 strain rate.
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Table 5.2.14
2
Mean Ml values (MN/m ) of leathers and composites as a function of 
thickness. (£3).
Nominal thickness (mm) 0.2 0.35 0.5 0.6
Leather
Full chrome 20.3 31.6 34.3 21.6
Retan 8.4 12.4 10.8 11.2
Composites
Full chrome 
Retan
48.3
33.4
69.7
50.6
61.0
43.2
48.8
54.0
(Leathers = 8.5
l.s.d 5$6 (cojjjpQQites = 15.7
responses of HI to increasing polymer content at temperatures above and 
below Tg. The differences between Tg + 10°C and Tg + 20°C or Tg - 10°C 
and Tg - 20°C were quite trivial and the values have been pooled to give 
a better estimate of ^ g ^ 1  ^ above and below Tg. Furthermore, the data 
for the four polymers have been treated separately (Fig. 5.2.26) to allow 
comparison with 
(Table 5.2.10).
the room temperature data obtained at 2.5 min*’'L in E4 .
Each set of data in Fig. 5.2.26 was tested for its fit to linear and
power law regression equations. Only the L 1304 composites were better
fitted by the power law than linear and even then the improvement was
small. (Hence the absence of any P x Q x T interaction). For the
d C MX}
composites of the other polymers, —  below Tg is about 2-3 times
d f Ml}
that above Tg. Uith L 1304 materials —  varies with Q, but the 
ratio of the value below and above Tg at any value of Q is approximately 
constant (3-4:1) since the power of Q is similar for both conditions but 
the constants are very different.
To make comparisons with at room temperature, it is necessary to
assume that, to a first approximation the value for Rl/ll5 composites
(averaged over leathers) can be taken as that of full chrome composites
(Table 5.2.10) and to take the best linear fits to the L 1304 composites
data in Fig. 5.2.26 as having slopes of 3.5 above Tg and 11.9 below Tg.
d (Ml)
Then the room temperature values of ' are generally about one-fifth
the value of those above Tg and about one-tenth to one-fifteenth of those 
below Tg.
The other remarkable feature of this experiment was the very high moduli
attained in composites with 25-30^ of polymer below their Tg. Typically
2 2 o
500-600 MN/m compared with a maximum leather value of 65 MN/m at 193 K.
2
The maximum composite Fll was 1018 MN/m for a 40% L 1304/retan material.
In room temperature (20°C) testing the Ml of composites of both leathers, 
regardless of polymer type or content, depended slightly on composite 
thickness. At 0.2 mm, Ml was about two-thirds the value at 0.35 or 
0.5 mm in full chrome and retan materials. Increasing the thickness to
0.6 mm reduced the full chrome value but not the retan. The same trend 
was observed in the leathers (Table 5.2.14). There were no interactions 
other than Thickness x Leather.
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Table 5.2>15
2
Mean secondary modulus (MN/m ) of composites from ten polymers 
and retan-Meather. (E2). {M2 value of leather = 30.7 MN/m2)
Polyurethanes Acrylic Solutions Acrylic Emulsions
L 1304 - 32.23 
H 51 « 47.38
L.G.F.S. - 39.7 
Binder 17 - 52.8 
Binder 18 - 37.5
Lankro ES - 30.8 
Binder S3 - 36.7 
Primal LT 76 ~ 33.0 
Rl/115 - 43.9 
Rl/6852 - 37.1
l.s.d 5/o - 5.9 MN/m2
Fig. 5.2.27 Average secondary modulus of composites of different 
composition. (E4).
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Secondary Modulus
The response of M2 to the various experimental variables was less 
complex than that of Ml.
The method of composite preparation had practically no effect:-
0
Split,after Impregnation (curtain coated) M2 = 38.3 MN/m
o
Split before Impregnation (curtain coated) M2 = 39.6 MN/m
o
Split before Impregnation (dipped) M2 = 39.4 MN/m
lsd (5%) = 3.7 MN/m2
There were generally only small differences between retan composites 
from the different polymers. (Table 5.2.15). Binder 17 composites
had a higher than average value and L 1304 lower than average. There 
was no obvious correlation between M2 of the composites and the mechanical 
properties of the impregnants in E2.
Full chrome composites invariably had a lower M2 than retan equivalents 
at all polymer, contents. Typically the ratio was 1:1.5.
V..
At.conventional testing speeds (5 min , E4) there is a linear increase 
in M2 with increasing polymer content. The rate of increase is somewhat 
dependent on the polymer and the leather, but mostly on the polymer.
The- Polymer x Quantity x Leather interaction just achieved 5% significance 
in E4 and is illustrated in Fig. 5.2.27.
The interaction arises mostly because in. the retan composites of L 1304,
M2 increases less rapidly with increasing polymer content than in its 
full, chrome composites. The difference between the two slopes just 
exceeds the 5% significance level. Yet with LT76, ratan composites 
increase in M2 more rapidly than full chrome and although the difference 
• in slopes does not quite attain the 5% level of significance, it will 
contribute to the interaction sum of squares. Uith Rl/ll5 and L.G.F.S. 
the slopes for retan composites is less than that for full chrome but not 
.'significantly so.
Looking more closely at the causes of the interaction it appears less 
and less likely to be real.
Table 5.2.16
Mean secondary modulus of leathers and composites as a function of 
thickness. (E3)
Nominal thickness (mm) 0.2 0.35 0.5 0.6
Full chrome 11.8 23.7 19.8 18.7
Leather
Retan 13.9 28.3 30.0 29.5
Composites
Full chrome 13.1 34.1 24.9 20.9
Retan 15.8 27.3 24.5 34.7
Leathers = 5.9 MN/m2
2Composites = 5.4 MIM/m
(i) A single point on the LT 76 retan composite line gives it a
2slope greater than the full chrome line, (i.e. where M2 = 64 Ml\l/m 
at 49^ polymer). In its absence the slope, becomes 0.44 compared 
with 0.47 for the full chrome line. The difference between these 
two values is certainly not significant at even the 20^ level.
(ii) Of the L 1304 data, it is the cluster of points at either zero
or very low polymer content which have a major effect on the slope.
One of the points (at zero polymer) contains a single value which 
is very much higher than any other M2 value for retan leather in 
that experiment. Its exclusion reduces the slope to within 
the 95^ confidence limits of the full chrome line.
(iii)The interaction which is small any way, probably depends on the 
fortuitous allocation of about 3-5 specimens, much less than 5%
of the whole experiment. Furthermore this particular three factor 
interaction was not significant in either E3 or E5. It can then be 
considered false with reasonable safety.
On the other hand, the overall L x Q interaction looks likely to be real 
although small. The interpretation is that the M2 value increased 
differently in the composites of the two leathers for the same increase 
in polymer content, retan less rapidly than full chrome. The same 
conclusion was reached in E3 and E5 and the effect was of similar magnitude
Unlike the initial modulus, the secondary modulus is thus more a function 
of the fibre network and polymer content rather than the polymer type.
Much as with Ml, the thinnest leathers and composites (6.2 mm) were about 
half the stiffness of the others and 0.6 mm full chrome composites were 
less stiff than 0.35 mm and 0.5 mm. (Table 5.2.16).
The strain rate response of M2 is not quite as complex as that of Ml.
Firstly there is no difference between the leathers. Secondly it is 
never other than linear with lo910 (strain rate) for all polymer quantities 
but as with Ml its precise magnitude depends on the polymer. The response
j* +
surfaces are shown in Figs. 5.2.28 and 5.2.29. They are twisted planes
except for Rl/ll5 full chrome composites which have a curvilinear response
to quantity which is most pronounced at the highest strain rates and 
similar in shape to the Ml response surface. . (Fig. 5.2.23).
t overleaf
Fig. 5.2.28 Secondary modulus of full chrome composites as a function of 
composition and strain rate. (E5).
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Fig. 5.2.29 Secondary modulus of retan composites as a function of 
composition and strain rate. (E5);
20
30
20
0.05 0.5
;— Strain Ratetmin'
5.0 50
L.G.FS 30
20
20
0.05 0.5
•Strain Rate(min^ )
5.0 50
R1115
30
20
20
0.05 0.5 5.0
>—Strain Ratetmin'
LT 76
30
20
0.05 0.5 5.0
Strain Rate (min
v
Se
co
nd
ar
y 
Mo
du
lu
s 
(MN
 
/ m
^)
--
--
--
--
► 
5 
Se
co
nd
ar
y 
Mo
du
lu
s 
(M
N/
rr
>2
)
d
{
M
2
)
/
d
O
secondary modulus to increasing polymer content. Data, 
for composites of four polymers are plotted separately 
v ' for tuo experiments. (£4 and £5).
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There is a suspicion that small quantities of Rl/ll5 have a softening 
effect on this particular full chrome leather since it is the only polymer 
for which the response to increasing quantity extrapolates to less than 
the .M2 v/alue of the untreated leather at all strain rates. (The response 
surface has been drawn accordingly).
Rl/ll5 full chrome composite aside, one implication of the twisted 
planes is that at some strain rate the effect of increasing polymer 
content on composite M2 is zero. At first sight it looks possible that 
this may occur within the strain rate range of the experiment for the 
retan'composites of L 1304, LT 76 and Rl/ll5 and the full chrome composites 
of L 1304 and L.G.F.S., whilst the retan composite of L.G.F.S. may well 
achieve this condition at strain rates only a little less than those 
already used.
A simple check that the regression slope of M2 versus Q is less than zero
at the lowest strain rate used, is inadequate because the standard error
of the slope, with only four points, is rather large. Instead, the 
d f M2}
value of -rr*— (as the regression slope) can be plotted against log n
d (M2)(strain rate) and extrapolated to a zero value of —  . Fig. 5.2.30 
shows such a plot for the retan composites only, including points from 
experiment E4, which covered in general a much wider range of polymer 
content. Only for Rl/ll5 and L 1304 composites is the agreement between 
experiments at all good although the general trends are similar in both 
sets of data for the composites of the other polymers.
At high strain rates composite M2 increases with increasing polymer content 
but at some lower rate M2 will be unaffected. The behaviour of L.G.F.S. 
in experiment E4 and Rl/ll5 in E5 provide evidence that at even lower strain 
rates composite M2 values can be less than that of the parent leather.
The point has not been pursued further because:-
(i) Such analysis is difficult with the non-linear response of 
Rl/ll5 full chrome composites.
(ii) The scatter of data available does not warrant further detailed study.
(iii) liihen considered in conjunction with elongation at break data the 
position becomes much clearer without further effort.
Like Ml the changes in M2 at low temperatures (E6) were uncomplicated but 
rather variable. It was unusual that overall the M2 value of full chrome
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modulus of full chrome and retan leathers tested 
at 5 min"^« (E6).
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Fig. 5.2.32 The average response of composite secondary modulus to 
changing composition when tested above or belou the 
polymer Tg- (E6).
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composites was higher than that of the retan. (Table 5.2.17). The 
reverse had always been experienced. The observation was consistent 
at all levels of other factors. There is no immediately apparent reason 
for this since the untreated leathers were in the previously observed ratio 
over the temperature range +10°C to -80°C although it must be stressed 
that, in a strict statistical sense, this overall difference between 
composites of different leathers is not proven. The design of the 
experiment sacrificed this information deliberately but experience 
suggests that a difference of this magnitude and consistency is real.
There were interactions of Temperature with Polymer (0.1$), Temperature 
with Quantity., and Polymer with Quantity. The Polymer x Quality 
interaction again arises from different actual polymer uptakes at 
nominally the same offer, and the Temperature x Polymer interaction 
probably arises from the absolute temperature sensitivity of the base 
leathers. (Fig. 5.2.31).
The Temperature x Quantity interaction had the same basis as with Ml,
d C F12 ^
i.e. greater values of -rr*— ' below Tg than above. (Fig. 5.2.32). The 
^ (rvi2)
values of —  obtained 1 above1 Tg are only 2-3 times greater than those 
obtained at 20°C (E4), a lesser difference than was found with corresponding 
Ml responses. It is remarkable how little the M2 values of the Rl/ll5 
composites were affected by testing at below Tg.
There are clear differences between Ml and M2. Their dependence on
strain rate, temperature of test and even polymer quantity and type were 
different in a series of experiments. This in itself suggests different 
roles for the polymer in the two regions of the stress strain curve.
Yield Point Extension (Y.)
In leather the yield point occurs at about 10-15$ extension depending 
on the particular side from which the specimens came. The value of Y 
was on average slightly higher in retan (11.5$) than in full chrome (10$), 
but independent of leather thickness in both cases. It was practically 
independent of strain rate. '
At lower test temperatures there was a move to lower extension in full 
chrome leather. The change was most marked below -20°C. With retan 
leather there were two effects. At temperatures below 0°C a small
t overleaf
Table 5.2.17
2
Mean secondary modulus (Ml\]/m ) of compositions as a function of 
temperature and leather type. (E5)«
Leather^----'
— • "Temperature Tg + 20 Tg + 10 Tg - 10 Tg - 20 Means
Full chrome 54.7 52.6 138.7 119 91.3
Retan 50.4 51.6 102.0 103.1 76.8
2 2 
l.s.d 5% within table = 42 Ml\!/m ; between means = 29 Ml\l/m .
N.B The effect L x T is not significant, the table illustrates 
the consistent difference between leathers 
(see text p.105).
Table 5.2*18
Yield strain (%) of leathers as a function of 
various experimental variables.
Date Source Variable Leather
and
Variables
value
Full chrome ’Retan
Data from E2 12.5
different
E3 11.0 11.5experiments
20°C Conventional E4 10.0 9.8
strain rate E5 9.8 11.5
(5 min •**) except 
E6?then 2.5 min“^
E6 9.5 10.2
. -150 min 12.0 10.0
Data from E5 -1
p 5 min 9.8 11.5
20 C different _ ■)
strain rates 0.5 min 11.7 10.5
0.05 min ^ 10.0 10.5
293 K 9.5 10.2
.Data from E6
283 K 10.0 10.0* -1 -2.5 m m  strain
253 K 9.5 11.8rate, different 1.0 *
1.5temperatures 223 K 6.1 10.0
- 193 K 6.8 7.3
*
1.2
Extension at loss of *humpf see text page 107.
’hump* appeared in the stress strain curve up to about 1-1.5$ extension 
after which the curve resumed its normal shape with increasing modulus.
The thump1 increased in size with falling test temperature but the 
extension at its disappearance remained approximately constant at 1-1.5$.
In appearance it was much like the one due to the •soap1 of Rl/ll5 in 
retan leather (Fig. 5.2.16) but even at its maximum size it was less 
(relative to breaking stress) than the one in Fig. 5.2.18. There was 
a second change in modulus at about 10$ which was taken as 1Y*. It was 
largely independent of temperature down to -50°C but at -80°C there was 
a reduction to 7.3$. These data are collated in Table 5.2.18.
In retan composites of polyurethanes Y values were similar to the 
untreated leather (12.5$). In those of aqueous polymers there were 
only small differences due to polymers, Y occurring at about 6$ extension.
In composites split off after impregnation Y moved to a slightly higher 
extension in composites of aqueous impregnants but was largely unaffected 
when polyurethanes were concerned. (Table 5.2.19)."^
The general influence of the polymer type is impressed-on the composites 
of different leathers, (Table 5.2.20), but the effect of increasing the 
polymer content is dependant on the parent leather. In L 1304 composites 
the difference between parent leather was largely preserved whilst the 
aqueous, polymers reduced the value of Y but by different rates in the two 
leathers. The lowest polymer offers (3-5$) reduced Y to about 6$ in 
retan composites but with full chrome the^ reduction to this level required 
higher levels .of polymer. (Fig. 5.2.33). On the other hand increasing 
strain rate causes Y to move to higher extensions in composites of both 
leathers. (Table 5.2.21). Generally L 1304 composites of either 
leather are less strain rate dependent than those of the other polymers. 
There is also slight evidence that in full chrome composites the strain 
rate dependence is greater at lower polymer content than at higher, but 
the revqrse is true in retan composites.
In the low temperature study (E6) only the temperature and the type of 
polymer had any influence on Y (T X P sign, at 0.1$). In L 1304 composites 
Y was only dependent on whether testing was above or below Tg. It was
at a lower extension below Tg than above. With all the aqueous polymers,
the change in going from Tg + 20 to Tg + 10 about doubled the yield
extension, but on going to below Tg it fell again to near the value at
overleaf
Mean values of the yield strain {%) for retan composites of ten 
polymers. (E2)
Polymer
^Prepn Method Tl ‘Preg & 
Split
T2 
Split & 
1 Preg
T3
‘Split & 
Dip
Mean of 
T2 + T3
L1304 15.75 12.25 13.0 12.6
Urethanes H51 10.38 15.25 17.1 16.2
Acrylic L.G.F.S
7.88 5.25 5.88 5.55
Solutions
Binder 17 7.75 4.88 3.88 4.38
Binder 18 11.0 6.38 5.75 5.30
Lankro E.S 8.50 • 5.88 5.13 5.60
Acrylic Binder SO
6.13 5.25 6.13 6.05
Amulsions
Primal LT76 5.50 1 5.38 5.13 5.50
RF/115 9.88 6.25 5.63 6.00
Rl/0582 8.00 5.50 7.38 6.50
Means 9.08 7.23 7.50 7.36
1 . s.d 5% between cells for Tl, T2 and Ts 2.56
between cells + mean of T2 and T3 1 .8 6 .
between means of cols for Tl, T2 and Ts = 1.16'
Table 5.2.20
Mean value of yield strain {_%) for composites of the four principal 
polymers and two leathers. (E3)
Full chrome
L1304 L.G.F.S Rl/115 LT76
-------- ,
Means
7.2 6.72 6.5 6.69 6.78
Retan 10.6 6.00 6.33 7.76 7.66
Means 8.9 6.36 6.42 7.25
l.s.d 5% cells = 1.53
Means rows = .0.76 
Mean column = 1.08
, ( Retan = 11.5%Leather )
values  ^ Full chrome = 11.0%
Fig. 5,2.53 Average yield strain of leathers, and of composites 
as a function of composition. (E4).
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Table 5.2.21
Mean yield strain {%) for composites of different leathers, 
polymers and composition, tested at different strain rates. 
Examination of the total P x Q x L x S data showed that there 
was no difference between aqueous polymers and these results 
have been pooled. L1304 data are kept separate (E5).
Polymer Polymer Strain Rate
H1C•HE
Content
(%)
0.05 0.5 5.0 50
3.0 6.38 9.38 7.88 llu 71
L1304
(l.s.d = 5)
8.5
16.5
8.75
7.38
8.50
8.13
7.38
7.73
11.08
9.02
t
Full chrome
42.2 7.50 8.38 7.00 11.5
3.6 7.17 7.75 8.3 10.6
All aqueous
polymers
(l.s.d=2.87)
5.9
10.3
6.88
5.92
6.59
5.25
6.88
5.79
9.30
8.30
20.9 4.90 4.93 4.38 7.00
3.1 24.0 19.4 6.00 10.7
L1304 10.3 7.40 8.00 6.30 7.90
(l.s.d = 5)
f
Retan 
* •
All aqueous
polymers
(l.s.d=2.87)
19.7 14.4 7.9 7.75 8.2
43.6 10.8 9.9 10.9 13.3
3.5
7.2
13.5
3.14
2.50
2.33
3.00
3.22
3.25
3.27
2.46
2.46
2.87
3.58
3.82
22.3 2.54 2.71 2.63 4.22
Table 5.2,22
■'Mean value of composite yield strain (%) as a function of polymer 
type and test temperature. (E6).
Polymer
Temperature relative to Tg Tg
+ 20 + 10 - 10 - 20 K
L1304 2.52 2.66 1.18 1.58 219
L.G.F.S 2.20 4.22 2.28 2.28 263
R1/115 1.99 4.06 1.70 2.78 252
LT/76 2.84 5.55 2.84 2.91 258
l.s.d 5% = 0.92; 1% = 1.22; 0.1% = 1.55
Table 5.2.23
Elongation at break of the two leathers as a function of strain rate. 
Data from different experiments; all at 20°C, 65%a RH.
Experiment Strain Rate Full,chrome Retan
El C • -15 nun — 46
E2 r * -15 min 48 51
. E3 or • -125 min 39.3 ' 46
E3 r • -15 m m 42.5 46.3
E3 o e • -12.5 m m 42.0 45.4
E3 0.25 min 1 45.4 43.0
E5 50 min 1 42.5 42.0
. E5
_ . -1
5 m m 40.0 47.0
E5 0.5 min"1 38 .,2 43.2
E5 0.05 min 1 43.3 45.4
E6 o rr • -12.5 m m 30 41
Tg + 20. UJith Rl/ll5 composites below Tg, the change from Tg - 10 
to Tg - 20 produced an increase in the yield extension which just exceeded 
the 5% significance limit. This is such an unlikely occurrence that 
there must be some doubt as to whether it is a real difference.
At Tg + 10 the yield strain of LT/76 composites was significantly higher 
(1% level) than that of the other aqueous based composites and the 
difference from the Rl/ll5 value nearly reached 0,1% level. (Table 5.2.22). 
The high value probably reflects the greater stiffness of this polymer 
at all temperatures.
Elongation at Break
Generally there was not much difference between the leathers. (Table 5.2.23). 
Full chrome values tended to be slightly less than retan, except in 
experiment E6 , the low temperature study, when full chrome side had an 
extension at break of about 30^ o compared with A-1% for retan.
At most the strain rate dependence was slight and quite insignificant 
compared with that of the composites.
/ .t
Extensibility fell with falling temperature (Fig. 5.2.34) and the rate of 
reduction was identical for the two leathers despite the overall lower 
value for full chrome. (For this reason that particular piece of leather 
was retained for E6).
Increasing leather thickness from 0.2 mm to 0.6 mm gave increased elongation
T
at break. (Fig. 5.2.35). The data are for composites from E2 but the 
data.for the untreated leather followed the same curve. The increase is 
not linear and the power law (shown on the graph) shows retan composites 
(and leather) to have the greater sensitivity to thickness changes.
Such sensitivity for either leather, in the thickness range 0.35 to 0.55, 
is sufficient to account for the minor differences between experiments and 
possibly enough to account for the low value of full chrome in E6 (average 
thickness about 0.35, compared with 0.45 - 0.5 in the other experiments 
and 0.45 for.the retan leather in E6).
The sequence of splitting and impregnation did not affect composite
t
extensibility (Table 5.2.24) and it did not correlate with that of the 
+ overleaf
at DreaK. (.to;
Key
Full Chrome EB = 0.2T-30.3 r = 0.96
Retan E B= 0.22T- 22.6 r=0.94
193 213 233 253 273 293
Temperature {K }--------------->
Fig. 5.2.55 The average effect of thickness on the elongation 
at break of full chrome and retan composites. (E3)
Key
0.3 6
Full Chrome E B = 57T
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Mean elongation at break of retan composites of ten polymers* (£2)
Prepn Method 1 Preg Split Split Polymer
and and and Means
Polymer Split 1 Preg Dip
Urethanes L1304 34.3
35.1 41 36.8
H51 32.0 33.9 43.1 36.3
L.G.F.S 35.1 41.9 32.5 36.5
Acrylic
Binder 17 40.8 28.4 38.8 35.9
Solutions
Binder 18 36.0 42.1 34.6 37.6
Lankro ES 39.5 33.3 27.0 33.2
Acrylic Binder S3 43.1 38
41.9 41.0
■s*
Emulsions LT 76 26.4
25.6 28.5 28.5
R1/115 37.5 43.5 33.0 38.0
Rl/6582 32.3 31.1 35.1 33.8
None 46.0 - -
Treatment Means
. ■X--&
35.9 35.3 35.6
( Cells = 5-9
l*s*d S%{
 ^ Means of rows = 3.5
( Means of Columns = 1.9
Fig. 5*2.36 Composite elongation at break as a function of polymer 
initial modulus* Polyurethane impregnants appear to 
belong to a different behavioural group than the aqueous 
impregnant. {Data from £2).
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xAqueous Impregnants 
o Poly urethanes 
Regression Equations 
Including Polyurethane EB = 38.4-3.9M1p r=0.70
Excluding n EB = 40.0 -3-7M1D r = 0.81
A 0 T-------- 1-------- 1-------- 1 I
polymer but higher polymer modulus gave a lower composite elongation 
at break. (Fig. 5.2.36). Two regression lines have been drawn, 
the first including all polymers and the second, aqueous impregnants 
only. The latter had the more significant correlation coefficient 
(1% as against 2%).
With the four principal polymers the most striking aspect was the response
to strain rate and polymer content. From experiment E4, over the widest
range of polymer content used, it was very clear that in Rl/ll5 and
L.G.F.S. composites, extensibility decreased with increasing polymer
content at high strain rate but, increased at low strain rate, 
t
Fig. 5.2.37. However, within the range of strain rates used in that 
experiment L 1304 and LT 76 composites did not show an increase in 
elongation at break with increased polymer content. There was no 
indication from the statistical analysis of any differences between
t
composites of the two leathers and the points plotted in Fig. 5.2.37 
are therefore averaged over both. To retain clarity in the other 
three sets of data separated by one decade of strain rate, the points 
at 5 min ^ have not been plotted but they fall between those at 2.5 min""^ 
and 25 min It is apparent that strain rate dependence is approximately
log linear at all polymer contents.
In L 1304 composites the response to increasing quantity is independent 
of strain rate, linear and scattered. In those of L.G.F.S. and Rl/ll5 
it is linear but obviously highly strain rate dependent, and with LT 76 
it is still strain rate dependent but quadratic. The regression equations 
inset to Fig. 5.2.37 are not straightforward. Detailed examination of 
the data showed two curious features. Firstly in every case the ’soap' 
treatment (xylene with L 1304) increased the elongation at break to above 
that of the leather with the result that, regression lines including the 
leather data had very much lower correlation coefficients than those which 
excluded it but included the ’soap only* data. Secondly, with L.G.F.S. 
and Rl/ll5 composites tested at strain rates which gave appreciable 
dependence on ’Quantity' (2.5 and 25 min 1 with L.G.F.S. and 25 min 1 
with Rl/ll5), the specimens containing the highest quantity of polymer 
had values more than two standard errors (for their mean) above that at 
the next lowest polymer content. This suggests that even at high strain 
rates, with polymer contents greater than those used here, the elongation 
at break may again increase. Since the effect was general to both 
leathers those points have also been excluded from the regression equation.
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Table 5.2.25
The average effect of test temperature on the elongation at break {%) 
of composites. (E6).
Polymer
Test Temperature Polymer 
Tg KTg -t 20 Tg + 10 Tg - 10 Tg - 20
L1304 17.5 14.6 5.2 7.3 219
L.G.F.S. 30.0 26.3 16.4 15.6 263
Rl/115 32.5 30.1 18.0 17.3 252
LT 76 25.9 22.3 15.0 14.0 258
l.s.d 5% = 2.4
Thus over the range of normal commercial usage, the response is 
essentially linear.
By similar reasoning the *no polymer* points for LT 76 composites uiere 
also excluded, and it is worth noting that at about 50/6 polymer content, 
there is again a slight upturn in the curve.
Experiment E6 confirmed the essentials of the foregoing. There were
no complex interactions, but for the sake of completeness the response
surfaces'for each polymer in each leather have been drawn out in 
t t
Figs. 5.2.38 and 5.2.39. (The *no polymer* data were not included in 
the analysis).
The generally greater extensibility of the retan composites is apparent 
at all speeds and polymer contents. The tendency of small quantities 
of polymer to increase elongation at break at all strain rates, compared 
with the leather is again apparent in the retan composites of Rl/ll5,
LT 76 and L 1304, and in full chrome composites of LT 76. Not quite 
as universally true as in E4 but sufficient to act as general confirmation 
of a fairly small effect.
The response to strain rate was linear at all polymer contents in all 
cases.
At low temperatures (E6) only simple effects were apparent. Composite 
extensibility decreased with reducing temperature and increasing polymer 
content. The lowest individual values recorded were 2-3^ 6 at temperatures 
below Tg. There was a sudden fall in extensibility in going below Tg 
which was greatest for L 1304, whilst the aqueous polymers behaved similar 
to each other. (Table 5.2.25). There are real differences between 
tests at Tg + 20 and Tg + 10, and between both of these temperatures and 
those below Tg, but not between tests carried out at Tg - 10 and Tg - 20. 
There was no Temperature x Quantity interaction. Overall, composites of the 
two leathers had different response to polymer content (q). This was 
not entirely due to differences in polymer uptake at the same nominal 
offer. The true regression equations were:-
Full chrome composites E.8 . = 18.43 - 0.278Q r = 0.974
Retan composites E.B. = 31.83 - 0.538Q r = 0.933
The difference between the slopes is only just less than the 0.28 
required for 95^ 6 confidence, 
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a function of composition and strain rate. (E_5j.
L1304 L.G.F.S
30
20
5.00.05 0.5
>-Strain RatetmirT1)
20
0.05 0.5
>-5train Ratelrnin
5.0
RI 115 LT 75
20
0.05 0.5
>-Stroin Rote (rnin~^ )-»
50 0.05 0.5 5 0
•a—Strain Rate(min^ )
Fig. 5.2.39 Elongation at Break of retan composites as
a function of composition and strain rate. (E5).
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Table 5.2.26
Tensile strength of full chrome and retan leather from various
2
experiments. (MN/m )
Experiment Variable Full chrome Retan
E2 - - 11.2
Strain rate 25 11.3 15.4
E4
. -1 min 5 11.2 14.5
2.5 10.5 15.0
0.25 10.4 15.0
Strain rate 50 10.5 13.6
E5
. -1 
min 5 11.9 13.0
0.5 10.9 15.1
0.05 9.8 14.2
Test 293 9.4 15.8
E6 Temperature K 283 10.9 16.3
°c 253 12.8 15.8
Strain rate 223 12.8 14.7
' 5 min ^ 193 12.0 15.7
Table-5.2.27
2
Tensile strength (MN/m ) of retan composites■prepared by 
different methods from ten polymers. (E2)
Polymer
Rreparative Method Polymer
Means!Preg & 
Split
Split & 
* Preg
Split & 
Dip
L1304 12.0 11.40 13.10 12.2
H51 11.19 13.90 9.7 11.8
L.GeF.S 12.90 11.4 12.6 12.3
Binder 17 11.90 14.9 13.8 13.5
Binder 18 12.9 14.2 16.2 14.5
Lankro ES 13.6 11.1 15.5 13.4
Binder S3 10.6 13.5 12.9 12.3
LT 76 14.6 13.3 16.6 14.8
Rl/115 10.6 13.2 11.7 11.8
R1/658 2 13.9 19.1 15.8 16.3
None 11.2 - -
Means
*
12.5 13.6 13.8 -
* Excludes none, l.s.d 5% between cells = 3.0
l.s.d 5% between Polymer Means = 2.0
l.s.d between Treatment Means = 0.95
There are also different responses to polymer content for the 
composites of the four polymers, which are not wholly due to different 
uptakes at the same nominal level. The regression equations are:-
L 1304 E.B. = 13.1 - 0.0924Q r = 0.61 (n/s)
L.G.F.S. E.B. = 32.5 - 0.733Q r = 0.91 (10$)
Rl/115 E.B. = 30.17- 0.54Q r = 0.99 (l$)
LT 76 E.B. = 25.5 - 0.61Q r = 0.98 (2$)
The standard error of the slope for L.G.F.S. composites is 0.14 thus 
it is not different from those of LT 76 or Rl/ll5, which in turn are 
homogeneous with each other. The Polymer x Quantity interaction is 
therefore entirely due to L 1304 giving little response to increasing 
quantity.
Tensile Strength
Retan leather and its composite were always stronger than full chrome 
leather and its corresponding composites. The ratio was about 1.48:1 
and was remarkably consistent over the range of experiments. The 
leathers showed no significant dependance on speed or temperature of 
test. (Table 5.2.26). There was a dependance on thickness, but this 
is considered later along with the composites.
The preparative method had only a small effect on composite strength,
Table 5.2.27, and there was no significant correlation with the mechanical 
properties of the polymers.
In the composites of different leathers tensile strength increased with
increasing polymer content. The rate was specific to the polymer as
demonstrated by P x Q interactions in all the major experiments, but
t
both acted independently of the leather type. Fig. 5.2.40 is constructed 
from data in E4. There is no question but that the regression intercept 
and the observed strength at ‘zero polymer1 content are homogeneous.
The 0.2 mm composites were about half the strength of those which were 
0.35, 0.5 and 0.6 mm thick and the same was true of the leathers. The 
thinnest composites of both leathers were about the same strength (except 
a single group of full chrome specimens with the lowest polymer content
+ overleaf
Fig. 5.2.40 Average tensile strength of leathers, and their 
composites as a function of composition, tested 
at 5 min ^ strain rate, (E4).
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Table 5.2.28
O
Regression Equations of composite tensile strength (T.NW/n ) as a 
function of polymer content at various temperatures. (E6).
Leather Temperature Equation r
Full
Tg + 20 T = 0.254Q + 7.73 0.989
Tg + 10 T = 0.277Q + 7.65 0.990
chrome
Tg - 10 T == 0.216Q + 7.78 0.982
Tg - 20 T = 0.23Q + >.91 0.94
Tg + 20 T =•- 0.177Q- + 11.8 0.984
Retan Tg + 10 T == Q.256Q + 10.89 0.99
Tg - 10 T == 0.25Q + 11.90 0.88
Tg - 20 T =± 0.3340 + 10.85 0.932
and practically independent of polymer content, whilst the remaining 
groups had the same response to increasing polymer content (independent 
of polymer type) and the separation due to leather type was maintained. 
(Fig. 5.2.41). The rate of increase with increasing polymer content 
was somewhat greater in E3 than in E4. The reason is not apparent.
The response to strain rate was linear with 1°9-|_q (strain rate) for
composites of all polymers and both leathers but its magnitude was
dependant on the type and quantity of polymer used. On the whole it
was a small effect. The response planes obtained from E6 for the four
t t
polymers and two leathers are given in Figs. 5.2.42 and 5.2.43.
At low temperatures, composite strength was not much dependent on 
polymer type. L 1304, overall gave stronger composites than the other 
three which were all fairly similar:-
2Polymer Composite Tensile Strength (HlM/Vl )
L 1304 15.1
L.G.F.S. 12.2
Rl/115 11.65
LT/76 12.51
Realistic least significant differences are not available because of the 
split plot design. There were no interactions of !Polymer* and other 
factors, which may well reflect the equalising effect of testing composites 
at the same temperature relative to the Tg of the polymers.
In full chrome composites^ was independent of test temperature, but 
not in retan composites. This shows up as a T x L x Q interaction and 
it is the slopes of the regression lines at each temperature which 
clarifies its source. (Table 5.2.28).
Failure stress aside, the appearance of ruptured specimens was informative.
(i) In tests at high strain rates the bulk of failures occurred 
near the centre of the parallel section of the specimen.
At low strain rates there was a definite increase in failures 
near the jaws by what appeared to be a slow tear or fibre pull 
out mechanism, 
f overleaf
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Fig. 5.2.43 Tensile strength of retan composites as a function of 
composition and strain rate. (E5).
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Fig. 5.2.44 Tensile specimens after test, illustrating the increase 
in lateral contraction and permanent extension which 
occurs with increasing polymer content under low strain 
rate test conditions, but not at high strain rate.
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Fig. 5.2.45 The ruptured ends of tensile test specimens showing 
the longer fibre protrusions at lower strain rate.
(ii) Those composites which increased greatly in elongation at 
break at low strain rates exhibited very marked lateral 
contractions which were not recovered after failure.
(Fig. 5.2.44). When tested at higher strain rates the lateral 
contraction was reduced and there was considerable ’snap back’ 
of the broken ends.
(iii) There was a strong impression that at the ruptured surface 
the length of fibre protruding from the broken end was longer 
in composite specimens tested at low strain rates rather than 
high. There was a considerable difficulty in deciding at 
what point a fibre was ’embedded in the body of the composite’. 
(Fig. 5.2.4 5). Unlike conventional fibre reinforced composites 
there is no clear surface of resin matrix from which ruptured 
fibres protrude. For this reason quantification of the phenomenon 
was not attempted.
Dimensional Changes under Tension
It was never easy to make accurate measurements of lateral contraction 
in tensile test specimens because of their tendency to bow. Ho'wever, 
with 0.5 mm thick leather and composites of about 30% polymer content 
the curvature was negligible up to about 20% extension and the 
photographic method was quite successful. It was however too laborious 
for extensive use and was limited by photographic constraints to strain 
rates of 0.1 min 1 or less. The results for full chrome and retan
leather and their composites with the four principal polymers are given
t t
in Figs. 5.2.46 and 5.2.47.
During the development of the method specimens of retan leather behaved
t
most consistently and the data in Fig. 5.2.47 is typical of the
excellent agreement between adjacent specimens. On the other hand full
t
chrome was less regular as shown by Fig. 5.2.46 but composites of 
both leathers were about as regular as retan leather. The data were 
obtained principally for use in theoretical calculation discussed later 
but there are a number of features to be noted.
(i) There are two distinct sections to the curves of both leathers. 
Below the point of slope change, retan has a Poisson’s ratio 
much lower than full chrome but above it there is less difference 
between the leathers.
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(ii) The main features of the composites appear to be more 
influenced by the nature of the polymer than the leather.
There is only a small difference between the two sections 
of the curves for L 1304 composites but they do differ by 
more than two standard errors of either slope. The change
in slope occurs at about 10-12% extension. In these composites 
the initial slopes for the two leathers are statistically 
homogeneous but there are real differences between their 
secondary ones. With L.G.F.S. composites the slopes are 
identical in both sections and the slope changes again at 
about 10% extension in each case.
In LT/76 composites of full chrome, the initial slope is 
less than in its retan composite but the slopes change at 
identical extensions (c.a. 11%), The secondary slope is 
significantly greater for retan composites.
Only the composites of Rl/ll5 had two slope changes. On 
such limited data coincidence could be invoked as the reason 
but it seems unlikely because the statistical evidence is 
strong for dividing both curves into three sections, each 
with a slope different from the others. Also the great 
similarity between the two types of composites for the 
other polymers suggests that the similarity with Rl/ll5 is 
simply part of an overall pattern.
The various data from Figs. 5.2.46 and 5.2.47 are collated 
in Table 5.2.29 for later use.
(iii) Measurement of thickness changes during extension presented 
severe practical problems, and as the best available indicator
of overall change it was measured at four marked points before testing 
and again at the same points immediately after testing.
Thickness generally increased although L 1304 composites showed 
a "5% loss (mean of both leathers). L.G.F.S. composites showed 
an ll?o increase on average, Rl/ll5, a 7-5%> increase and LT/76 
no change. Retan leather showed a 10% increase and full chrome 
about 4$. On average retan composites increased more in 
thickness than full chrome, 8 .6^ against 3.5^.
Fig* 5.2.48 Typical stress strain curves and acoustic emission of full 
chrome composites of L.G.F.S of different polymer content.
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Flg. 5.2.49 Typical stress strain curves and acoustic emission of retan 
composites of L.G.F.S of different polymer content.
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Acoustic Emission
It was apparent in preliminary tests that the 20 mm x 5 mm dumb-bell 
used for the majority of tensile testing was unsuited for acoustic 
emission studies because of the mechanical difficulties associated uith 
positioning the transducer on such a small specimen. The 50 mm x 10 mm 
specimen was much more amenable to use and gave sufficient emission to be 
easily detectable on the most sensitive instrumental range.
(0 d.b. attenuation).
Emission first occurred at a strain which depended on the composite 
composition and the strain rate but never at or below the yield strain (Y). 
The cummulative total emission increased exponentially almost up to rupture. 
In retan leather and composites there was a reduction in the rate of 
increase just before rupture whilst in many, but not every, full chrome 
leather and composite test there was a sudden burst of emission at rupture 
which gave a short vertical section to the trace. The total counts 
recorded during the test was dependant on a number of the experimental 
variables but was also the least regular of the parameters recorded.
It is discussed later.
The general behaviour is shown in Figs. 5 .2.48 and 5 .2 .49. These are 
tracings of the curves for individual specimens chosen because they came 
closest to the statistically established ’mean1 behaviour in terms of 
acoustic emission. The stress-strain curves are not necessarily those 
closest to the imean1 behaviour. In particular those of the full chrome 
composites are more highly curved at strains above 10^, than is usual.
The majority were very similar to the typical* curves for those composites 
presented earlier.
Three parameters have been used to quantify acoustic emission. The strain 
at onset of emission, the strain range over which it occurs (calculated 
from the original specimen length) and the total cummulative emission 
expressed as counts per unit cross sectional area of the unstrained 
specimen (counts/cm ). The first two are presented together along with 
the elongation at break data in all cases.
Specimens of leather and composites from butt areas are less extensible 
than those from belly. This difference is to be expected but is larger 
in full chrome than in retan because of a particularly inextensible butt
Average strains associated with various acoustic emission features 
of leathers and composites (E14);
(a) In butt and belly locations of full chrome and retan leather.
Leather
Butt Belly
Extension 
at Onset
W)
Extension 
at Break 
(%)
Emission*
Range
W)
Extension 
at Onset 
(»
Extension 
at Break
w
Emission*
Range
(»
Full
chrome 10.2 23.3 13.0 13.2 36.8 24.0
Retan 28.8 38.9 9.8 34.2 44.6 10.1
(b) For composites of different polymers.
Full chrome Retan
Polymer
Extension 
at Onset
w
Extension 
at Break 
(»
Emission*
Range
(»
Extension 
at Onset 
(%)
Extension 
at Break 
(»
Emission*
Range
(»
None 11.7 30.0 18.3 31.4 41.8 10.4
L1304 19.7 29.0 9.3 29.1 40.5 11.4
L.G.F.S 14.3 28.3 14.0 32.3 43.9 ' 11.6
Rl/115 13.9 32.7 18.8 37.6 42.1 4.5
LT/76 11.1 26.6 15.5 26.4 31.3 4.9
l.s.d 5% Between two polymers within
a leather 4.0 n/ s • n/ s
Between two leathers within 
a polymer 7.5 n/ s n/ s
(c) For composites of full chrome and retan leathers, of different 
polymer contento
Full chrome Retan
Polymer
.Content
( »
Extension 
at Onset
(«
Extension 
at Break
«)
Emission*
Range
(«
Extension 
at Onset
i%)
Extension 
at Break 
(»
Emission*
Range
(«
Polymer
Content
. 0 11.7 30 18.4 31.4 41.8 10.4 0
7.4 • 13.6 29.2 15.6 32.2 41.2 8.9 8.3
11.5 15.9 30.2 14.6 30.6 38.2 7.6 14.6
21.5, 14.8 27.9 13.0 31.2 . 39.6 7.8 27,8
l.s.d 5/& Between two quantities in 
a leather 2.83 - 3.2
Between two leathers in 
a quantity 9.00 - n/ s
Between two quantities 
averaged across leathers | 2.00 - 2.26
Means of differences not differences of means. (Extension at break 
Extension at onset).
area rather than an over extensible belly. In the inextensible butt 
area the onset strain was lower than in belly areas (Table 5.2.30a) 
however, total extensibility is not all important. Leather from retan 
butt and full chrome belly of very similar extensibility (38.9$ and 
36.8$ respectively) have totally different onset strains (28.8$ and 
13.2$ respectively), and thus the full chrome leather emits over a much 
wider strain range. The data in Table 5.2.30a are only for leathers but 
the composites show practically identical trends and both serve to confirm 
observations in preliminary experiments. This confirmation is particuarly 
useful because there is no valid statistical estimate of the difference 
with Table 5.2.30a. However they are so large that there can be little 
doubt as to their reality.
The inherent differences between leathers was reflected in the composites 
but modified by the polymer type to an extent which also depended on the 
leather. In full chrome composites, L 1304 delayed the onset of emission 
to nearly 20$ extension against about 14$ for L.G.F.S. and Rl/ll5, whilst
LT/76 had least effect. (Table 5.2.30b). In retan composites of LT/76
onset occurred earlier than in the leather and with Rl/ll5 composites 
later, (26.4$ and 37.6$ respectively against 31.4$ for leather).. In those 
of L 1304 and L.G.F.S. onset strain was practically identical to'that of 
leather.
The change from leather to composite of any polymer content, increased 
the onset strain for full chrome but further increases in polymer content 
had only a small effect. There was no such change where retan was 
concerned. (Table 5.2.3-0.q). On the other hand the emission range was 
steadily reduced by increasing polymer content in both leathers. This 
reduction was highly significant in full chrome (0 .1$) but less so in
retan (10$). At first sight the emission range also seemed to be
considerably dependent on the type of polymer (Table 5.2.30b) but 
statistically, 10$ confidence level is all that can be attached to the . 
maximum differences within that table.
Reducing the strain rate increased the onset strain very considerably
in composites, but not in leather. The precise increase depended on
the polymer but not its quantity. The overall differences between
composites of different leathers were maintained and so only average
t
values are given in Table 5.2.31. The changes in emission range of 
t overleaf
Table 5.2.31
Average strain dependant parameters of acoustic emission as a 
function of strain rate and polymer type. (E14)
Polymer
Strain 
rate . 
(min )
Extension at 
Onset
w
Extension at 
Break
w
*
Emission
Range
{%)
4 20.0 35.6 15.6
None 0,4 ' 22.4 36.5 14.1
0.04 22.4 35.6 13.4
L1304 4 21.2 33.5 13.3
0.4 25,0 33.9 10.3
0.04 27.8 36.9 11.2
4 18.9 30.7 12.8
L « G • F « S 0.4 23.6 37.8 14.2
0.04 27.5 39.7 12.9
4 18.4 30.7 12.5
R1/115 0.4 25.1 38.1 13.9
0.04 33.1 43.5 10.7
4 15.8 27.1 13.0
LT 76 0.4 20.4 29.4 9.7
0.04 20.0 30.1 10.2
l.s.d (5/a)
Between two strain rates 
within a polymer 3.5 3.7 3.9
Between two polymers 
within a strain rate 3.7 7.5 6.3
Mean of differences not difference of mean
iable 5.2.32
2
Average total emission (counts/cm ) as a function of polymer content 
and strain rate (separately)
Polymer content (%) 0 7.4 11.5 21.5 l.s.d 5%
Emission 516 379 373 279 182
Strain rate (ra 4 0.4 0.04
Emission 314 420 425 130
, ----- --------- vjj.uii uBurtiasxng strain rate, did.
not even approach 10j£ significance level (as measured by l.s.d. {1Q%) 
between the values at 4 and 0.04 min 1). The Rl/ll5 composites showed 
greatest strain rate sensitivity to onset strain and those of LT/?6 least 
(Table 5.2.31) reflecting fairly closely the strain rate sensitivity of
their elongation at break. The emission range was again practically
independent of strain rate with at most a slight tendency to smaller 
values at lower strain rates.
The irregularity of total cummulative emission data arose because in
quite a number of cases, especially at lower strain rates, specimen
rupture occurred by a rather rapid tearing process, instead of
catastrophic failure, possibly because of uneven strains in the larger
5 / 2test specimen. The result was much higher total output, 2 x 10 counts/cm
2 3 2
compared with 10 -10 counts/cm for catastrophic failure. The inclusion 
of these data in the analysis gave very high experimental error and 
allowed only the broadest of conclusions to be drawn.
The total emission decreased with increasing polymer content and increased 
with decreasing strain rate. Both were significant at better than 10% 
level and the latter approached 5%. It is not clear whether the latter 
arises from greater instrumental resolution at lower strain rates, the 
somewhat higher incidence of * tearing* failure or some other genuine 
physical phenomenon. (Table 5.2.32). Composites of L.G.F.S with both 
leathers were the most regular in response to increasing polymer content 
(hence their use in the illustrative Fig. 5.2.48 and 5.2.49). There was 
no discernible difference between the composites of the other polymers in 
either the magnitude or regularity of their response to changing polymer 
content.
Full chrome leather and its composites consistently showed higher emission 
than retan although there is no formal way of demonstrating the reality 
of the difference:-
2
Flean Total Emission (counts/cm ) of Leather and Composites
Full Chrome Retan
45-
Leather
683
**
Composites
474
*
Leather
350
Composites
213
Mean of both locations
Mean of all polymer types and quantities
Table 5.2.33
Moduli of full chrome leather and its L1304 composites of different 
composition and at different stages of cure. Zero reconditioning 
implies that specimens were tested in a polythene bag after storage 
over ^or ^  ^rs “ subsequent reconditioning was at 20°C and
65$ RH.
l.s.d 5$
= 15.2MN/m
l.s.d 5$~ 
=7.3MN/m
Table 5.2.34
Elongation at Break ($) of the specimens dealt with in Table 5.2.33
l.s.d 5$ 
=.5.6$
Reconditioning
Time'
Polymer Content (Nominal )
CD 6$ 12$ 18$
0 32.6 44.0 40.3 43.9!.
4 hrs 42.4 47.6 53.8 50.8 "
24 hrs 39.3 44.6 42.0 34.6
7 days 38.5 43.1 40.0 41.5
Modulus Reconditioning
Time
*
Polymer Content (Nominal )
0$ 6$ . 12$ 18$
0 68.5 65.1 72.1 62.5
Initial 4 hrs 41.9 48.6 43.9 47.9
Modulus 24 hrs 43.5 50.2 65.7 76.4
(MN/m2) 7 days 42.3 66.2 65.0 72.4
0 54.5' 45.5 47.5 45.3
Secondary 4 hrs 45.2 39.0 38.4 36.5
Modulus 24 hrs 45.0 37.2 47.9 50.9
(MN/m2) 7 days 41.2 38.1 44.2 45.3
* Actual uptakes were within - 5$ of the intended values, 
i.e. at 12$ nominal, actual was 12 - 0.6$
Composites of L 1304 at Different Stages of Cure
Those polymers which increase composite elongation at break at low 
strain rates are soft and highly extensible. It would be a major
undertaking to study this aspect as a function of detailed changes
in polymer structure. The polyurethane L 1304 however provided an 
interesting example of a single polymer which in the uncured state 
(prepolymer) is a viscous fluid but by chain extension and crosslinking 
during cure., increases in stiffness until it becomes an elastomer.
It is quite clear that in the uncured state the prepolymer acts as a
lubricant for full chrome leather and as it cures the composite behaves
much as experienced in the remainder of the work. Tables 5.2.33 and 
5.2.34 show changes in modulus (Ml and M2) and elongation at break at 
different polymer contents and different stages of rehumidification.
The important points to note are:-
2(i) The secondary modulus of thoroughly dry leather (54.5 Mi\l/m is 
much higher than that of equally dry ’composites’ containing 
uncured prepolymer (46.1 MN/m ), but initial moduli are the same.
(ii) After four hours reconditioning - during which time the moisture 
regain is about 95$ of that after 1 week - leather and ’composites’ 
had Ml and M2 values lower than in the thoroughly dry state. 
’Composites’ still had M2 values less than leather and increasing 
the ’polymer’ content from 6$ to 18$ reduced M2 even further. 
(Although the reduction was statistically not significant)•
However the initial modulus of composites was somewhat higher than 
that of the leather but independent of polymer content.
(iii) As rehumidification and cure proceed the Ml of leather barely 
changes but that of composites increases with both increased 
polymer content and rehumidification time. There are further 
small (but statistically insignificant) falls in M2 of the leather 
but an increase in that of the composites containing 12$ and 18$ 
polymer. Those containing 6$ show no change.
(iv) After 24 hrs or 7 days, M2 increased with increasing polymer 
content, whereas dry and after 4 hrs, it was unaffected by polymer 
content provided there was some present.
(v) The elongation at break of thoroughly dry leather is much less 
than that of dry ’composites*.
(vi) After an initial increase in elongation at break by 4 hrs 
reconditioning, that of the composites declines noticeably with 
increasing cure time and increasing polymer content. Changes 
in leather are very small.
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Fig* 5.2*50 The time dependence of Elongation at Break of vegetable 
tanned antelope grain leather (0.5 mm) impregnated with 
2C'ffa L1304 showing the fall in eb as the polymer cures.
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(v/ii) After partial or near complete cure (24 hrs and 7 days) many 
of the composites have higher elongation at break than the 
leather. The individual differences between leather and 6% 
polymer containing composites almost reach 5% significance.
Very similar overall behaviour has been observed in a totally 
different type of leather (vegetable tanned antelope) (Fig.5.2.50) 
but curing times were rather longer than with full chrome and 
may be associated with the vegetable tannage.
The cure time of retan composites used in the main work has 
been shown to be very similar to that of full chrome.
Conventional Leather Processes and Tensile Behaviour
Impregnation made large changes to moduli and extensibility of grain 
layers. To put these into perspective a simple experiment was used to 
apply more conventional leather processing operations. All the test 
specimens came from an area of about 23 cm x 17 cm in the back area of 
each leather (E1 2).
The effect of what would generally be considered as quite drastic changes
of the state of the leather produced much less effect than the impregnation
treatment. The data do not merit detailed discussion and they are
■f
summarized in Table 5.2.35. The important features are:-
(i) The different directional dependence of the two leathers.
Full chrome is stiffest and least extensible perpendicular to 
the backbone, retan follows the more usual behaviour of being 
stiffest and least extensible parallel to the backbone.
(ii) Thorough wetting reduces the modulus of full chrome proportionally 
much more than retan in both the normal and degreased state.
On redrying retan attains initial modulus values practically 
identical to those of full chrome, with a sigmoidal stress-strain 
curve similar in shape to that in Fig. 5.2.18 (retan composites). 
There is also a suspicion that the directional dependence of the 
retan moduli was reversed after wetting and drying in the normal 
state, but not degreased.
(iii) Degreasing had less effect on initial modulus than wetting and 
redrying especially with retan leather.
t overleaf
Table 5.2.35
Summary of Experiment E7.
Initial Modulus 
m/m2
Secondary Modulus 
m/m2
Treatment
./Direction lr // I 1 //el
F Dry 58.5 ■ 53.9 36.1 20.9
U Wet 11.6 11.0 27.2 23.4
L Re-dried 68.8 45.6 39.9 25.5
L
Degreased - Dry 58.6 52.2 35.3 32.6
C Degreased - Wet 15.0 11.8 32.4 24.9
H Degreased - Re-dried 55.6- 51.6 36.4 30.6
R
0
M
E
Degreased) 2%
) /rf OIL Re-uiet  ^ 4/o
Re-oiled ) B% 
and )
Dried ) 16%
40.5
30.8
43.2
42.4
35.3
25.2
34.7
20.9
24.2
32.8
27.9
31.3
18.9 
26.4
22.9
17.9
Dry . 11.5 23.1 42.3 46.6
R
E
T
Wet 48.5 85.4 35.6 37.0
Re-dried 62.1 50.4 42.4 52.1
Degreased - Dry 17.4 40.0 44.3 66.0
A
Degreased - Wet 58.8 78.3 41.1 40.7
N
Degreased - Re-dried 47.1 63.5 38.8 36.6
Degreased) 2%, 11.5' 23.7 40.7 40.5
OIL.
Re-uet 4* oFF£R 14.3 32.3 47.7 . 47.7
Re-oiled 8% 
and
Dried 16%>
17.1
17.9
27.7
39.5
44.3
29.5
41.2
45.5
Table 5.2.35 (cont!d)
Yield Strain
(%)
Tensile Strength 
m/m2
Elongation at Break 
(»
1--
4 U  el
1  r //el l r //el
9.1 8.1 13.1 10.1 34.3 41.3
24.8 24.5 10.8 10.7 56.6 61.0
2.75 3.25 14.5 12.4 35.9 46.6
8.4 7.5 12.4 12.6 31.4 35.8
23.8 20.6 13.0 10.0 55.0 53.6
3.9 4.0 12.4 10.1 34.5 33.3
7.1 4.4 11.2 9.5 45.9 53.4
3.9 3.25 13.0 13.3 43.8 58.6
3.8 3.8 12.6 11.3 47.1 52.4
2.6 3.5 12.8 9.7 44.4 62.0
13.6 6.3 15.8 16.3 48.9 38.9
2.2 14.6 14.0 13.2 57.1 49.4
3.3 2.6 15.4 17.2 43.9 42.0
15.5 5.3 13.8 16.8 41.1 27.6
19.1 15.6 14.3 16.7 52.3 54.0
3.1 2.8 14.0 13.1 51.0 41.9
5.9 3.6 15.8 15.1 57.5 46.9
5.3 3.4 15.9 16.4 51.9 42.6
4.8 3.1 16.0 14.8 56.3 46.5
4.4 3.3 13.0 14.1 56.9 38.1
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Fig* 5»2«51 Typical load/elongation curve for a single fibre
bundle of leather, illustrating the main features.
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Thoroughly wet leather had a much greater extensibility than 
dry but tensile strength was not much different. Where 
reductions in strength were recorded this probably arose from 
using the uet thickness to calculate cross-sectional area.
Because of swelling this gave a somewhat lower density of fibres 
per unit cross-sectional area than in a corresponding dry specimen.
Re-oiling restored the leathers to near their original state.
It actually increased the extensibility of full chrome and 
reduced its initial modulus quite noticeably. Increased quantity 
of oil did not further increase extensibility but there is a 
fairly strong indication that initial modulus increased with 
increasing oil offer in retan leather, possibly by producing 
minor interfibre adhesions. The curve shape was rather like 
Rl/ll5 !soap! in Fig. -5.2.18.
Tensile Studies of Single Fibres
Typically the load extension curve of a single fibre bundle has a highly 
linear section followed by a linear section with tsteps1. (Fig. 5.2.51). 
Those steps almost certainly arise from pre-rupture failure of fibres 
within the bundle. Rupture rarely occurred cleanly. A maximum load 
was attained at about 22% extension and then fell rapidly in a series 
of ^teps*, presumably as remaining fibres finally rupture.
The behaviour accords well with that described by Oordan-Lloyd and 
(82)
Conabere^ , who also used a dynamic test. There was no evidence of
(73)the low modulus region at low strain reported by Morgan but his tests 
were essentially static with stepwise loading. This may be the cause 
of discrepancy.
When fibres of <35 pg/cm or >35 pg/cm were treated with impregnants 
containing 5%, I07S, 15^ or 20^ polymer and tested at 0.25 cm or 25 min ^ 
the only aspect of tensile behaviour to be affected was the number of 
1 steps1 occurring after the maximum load. There was no dependence on 
the type of polymer or fibre.
Polymer Solution Concentrations %>
Average Number of * Steps* 
after Max. Load (E8)
C$* 5% IO76 15% 2D%
1.8 1.72 0.4 0.1 0.1
*[\!o treatment - not included in the analysis. l.s.d. = 0*67
-(iv)
Table 5.2.36
Average tensile test characteristics of polymer treated single 
fibre bundles of different weight/length. (E8 )
Strain rate 
(min "*■)
Breaking length 
(km)
Steps before Max 
Load
Elongation at Max 
Load (%)
0.25 25 0.25 25 0.25 25
Average ut/unit 
length ( g/cm)
25.6 18.5 19.3 0.7 0.63 20.3 21.9
47.7 15.7 17.4 1.5 0.22 24.1 24.1
l.s.d 10% = 0.35 5% = 0.15 5% = 0.32
It can be firmly concluded that, at the strain rates used in this work 
impregnant polymers do not influence the strength or extensibility or 
modulus of the fibres at room temperature. This is not surprising since 
Morgan found that quite considerable changes in tannage produced only 
small changes in fibre mechanical properties. The weight per unit length 
of the fibres is more important and there is excellent agreement between 
the results of the present work and that of Morgan even though in this work 
the differences were only significant at the 10% lev/el.
Mean wt/length (pg/cm) 25.5 47.7
Breaking Morgan (i960) 19.9 16.0
Length (Km)
**
This work 18.9 16.6
taken from Fig. 33, ref. 73 
l.s.d. (10%) 0.24
The effect of strain rate was slightly dependent on fibre weight.
Compared with light fibres, heavier ones tested at low strain rate were 
proportionally weaker than those tested at higher strain rate, but this 
was associated with a greater incidence of pre-rupture failures (steps 
before maximum load) rather than to differences in overall extensibility. 
(Table 5.2.36).
These data were all obtained from tests carried out at 20°C and 65% RH. 
The failure to make satisfactory measurements at lower temperatures has 
already been dealt with (Section 4.4.4).
Tensile Studies of Model Points
Analysis of joint length (E9) showed that it was independent of the two 
preparation variables, solution concentration (5% or 20%) and number 
of applications (l or 2). However although statistically insignificant, 
the small differences in length are probably to be expected from the 
nature of the treatments. More concentrated liquids give slightly 
longer bonds:-
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Fig. 5.2.52. Typical load/elongation curve for a model joint of
two fibres, illustrating the main features. The 
joints were of the 1 fused pair1 type made in a 
silicone rubber mould.
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Elongation (% of original assembly length)
*
Joint Length mm
Liquid Concentration 5% 25%
Single Application 2.06 2.28
Double Application 2.15 2.25
No significant differences within the table
The separation of the fibres was much more difficult to measure. Their 
uneven outline and the similarity of their refractive index to that of 
the polymers made it impractable to measure every joint. A few special 
ones were prepared using fibres dyed with an orange, reactive 
dye.. There were eight from each of the four polymers. The separation 
was less difficult to measure using a stage micrometer with a binocular 
microscope. In every case, in joints of aqueous impregnants, fibre 
separations were about 0.01 mm but in L 1304 joints they were 0.02 mm to
0.03 mm.
In preliminary studies it was shown that if joint lengths were much 
greater than 2.0 mm., there was real risk of fibre rupture. When they 
were 3, 4 or 6 mm long, over 15% of the assemblies failed by fibre rupture.
A typical load-extension curve for a joint is shown in Fig. 5.2. 52. The
initial part was always linear up to the maximum load but thereafter
different behaviours were observed. They are labelled A, B and C in
Fig. 5.2.52 and correspond very closely to the behaviour described by 
(142)Hearle v J working with synthetic fibres, although !A* was not 
described as a specific type. It is associated with L 1304 joints.
In the linear part of the curve, fibres and joints are extending. At the 
maximum load, joint rupture occurs and the fibres, or frequently only one 
fibre, debond from the polymer leaving a sheath intact round the fibres.
The shape of the curve beyond the maximum depends on how the sheath 
deforms and how the fibres pull through it. With L 1304 joints the 
rather steep fall off in load and few steps was accompanied by strands 
of polymer bridging the two fibres and rupture of the sheath which was 
very thin in any case. Type ,B* tended to be associated with Ll/l6 
arising from bond rupture and the fibre pulling through a stronger 
sheath of polymer. Type *C1 was often found with Rl/ll5 and L.G.F.S. 
where both !pull through1 and sheath deformation occurred.
In experiment E8 where 64 joints were tested at various strain rates, , 
there were seven cases of fibre rupture and the load extension curve 
was linear up to rupture. Three were bonded with LT/76, three with 
L.G.F.S. (tested at the highest strain rate) and one with L 1304.
There were no fibre failures with Rl/ll5 bonds.
Two parameters were used to characterise the behaviour of a bond.
The maximum load and the extension at that load, calculated on the 
original length of the whole assembly. The •modulus1 of the system 
could then be calculated as the force required to produce 100f% extension 
of the whole assembly.
The maximum load attained depended on polymer type, strain rate, solution 
concentration and number of applications but they all acted independently. 
To ensure that minor changes in joint length did not have a serious 
effect, the loads were reduced to unit joint length and re-analysed with 
no difference in conclusions.
Two applications of a 20% solution more than doubled the bond strength 
compared with one application of a 5% solution (on average).
Maximum loads (g.)
Solution Concentration 5% 20%
Single Application 18.5 24.5
Double Application 29.0 45.4
l.s.d. 0% = 8.5 g
The generally stiffer and strong polymers gave stronger bonds
Maximum 
load (g.)
L 1304 L.G.F.S. R1/115 LT/76
41.3 30.4 10.5 35.2
l.s.d. 5^ o = 8.5 g
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m e  average maximum load Igj toned toy medea Jointe 
of four polymers as a function of strain rato Thi 
strain rate was calculated from the overall length of 
the assembly including unbonded fibre lengths. (£9)
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Table 5.2.37
Average strength and extensibility of bonded fibre pairs. (£9)
Solution Polymer
1 Parameter Concentration L1304 L.G.F.S R 2/115 LT 76
Maximum load 5% 40.4 26.2 5.25 23.2
9 20% 42.2 34.6 15.8 47.2
Elongation at 5%
23.0 16.3 9.1 11.9
Maximum load
(56)
20% 20.2 17.0 15.6 24.0
L max/E max 5% 175 160.7 57.7 195.
x 100 20% 209 203.6 101.3 197
l.s.d 0% Flax load = 12.1
l.s.d 5% Elongation at Max load = 3.4
Within the analysis of maximum load, there was no evidence of an 
interaction between different polymers and strain rate. However, when 
the data are plotted separately (Fig. 5.2.53) there is a suspicion that 
Rl/ll5 joints are less strain rate sensitive than the others. With only 
four points the 95^ 6 confidence limits of the slope is so large (- 4.47 
for Rl/ll5) that it must remain a suspicion, slightly strengthened by 
the fact that in retan composites of this polymer the Ml strain rate 
dependence is somewhat less than that of the other polymers. Strain rate 
dependence was independent of either solution concentration or number 
of applications.
The elongation at maximum load analysis was not quite so simple. Increased 
solution concentration and number of applications increased the extension 
at maximum load. They acted independently.
% of original total assembly length
Solution Concentration 5% 20%
Single Application 12.4 16.4
Double Application 17.7 22.0 •
l.s.d. 5% = 2.4%
Since the load extension curve is linear it is this increased joint 
extensibility which largely accounts for the changes in maximum load 
brought about by these factors.
There was no difference in the effectiveness of 5% or 20% solutions of 
L 1304 and L.G.F.S. but there was with Rl/ll5 and LT/76, producing a Polymer 
x Concentration interaction and although the same interaction was not 
significant with maximum load, it is quite clear that load does follow 
extension at maximum load. Calculating the modulus as ((L max)/(Extension 
at L max)) x 100, the differences between the solution concentrations 
disappears for LT/76, and for L 1304 and L.G.F.S. they are not large, but 
between 5% and 20^ solutions of Rl/ll5 it is still very big. (Table 5.2.37).
The strain rate dependence was quite clearly a function,of polymer because 
there was a peak value in every case but it occurred at a higher strain 
rate for L.G.F.S. than for the others. (Fig. 5.2.54.- overleaf).
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Fig. 5.2.5L. Average strain rate dependence of the extension 
at maximum load of model joints prepared from 
different polymers. (E9).
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The strain rate dependence of joints modulus is linear and very similar 
for three of four polymers. The different value for L.G.F.S. is due 
to a single high value much like the one occurring in Fig. 5.2.53.
L 1304 Modulus = 36.4 l°9j_g S + 189.6 r = 0.81
L.G.F.S. Modulus = 23.9 loQ-^ g S + 168.0 r = 0.55
Rl/115 Modulus = 32.7 ^c^g S + 88.1 r = 0.84
LT/76 Modulus = 43.4 lo9j_g S + 192.0 r = 0.94
S = Strain rate min
None of the measured properties of the 1 ideal joints1 were dependent on 
the source of the fibre.
A' feu experiments uere made uith joints prepared from a 20J& solution and 
tested at temperatures belou Tg. In every case uhere the fibre did not 
debond from the hooks, it ruptured. There seemed no point in further 
investigation.
5.2.4 Tear Strength
Four factors affected tear strength of the composites.
(i) Polymer Type and Quantity
Impregnation generally increased tear strength, more so uith 
increasing polymer extensibility and decreasing polymer stiffness 
and strength. (Fig. 5.2.55a). The influence of extensibility 
uas independent on the polymers chemical type. Where polymer 
modulus is concerned the aqueous solution polymers have a different 
relationship than either the emulsion polymers or polyurethanes. 
(Fig. 5.2.55b). Where tensile strength is concerned, the same 
overall trend is true for all polymers, but composites of emulsion 
polymers have a higher tear strength than those of aqueous solution 
polymers or polyurethanes. Tuo response lines have been draun 
to illustrate the point. (Fig. 5.2.55c).
The detailed reasons for these responses is a matter for further 
investigation but it seems highly probable that tear strength 
enhancement is not by a Conventional* process uhere the polymer
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as a function of thickness. (E3).
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Table 5.2.38
Mean tear strength/Unit thickness (kg/mm) of retan composites of 
ten polymers. (E2)
~~~ -— -~_Prepn Method 
Polymer ~~— -—
!Preg & 
Split
Split & 
1 Preq
Split & 
Dip
Polymer
■Means
L1304 1.99 1.71 1.68 1.79
Polyurethanes H51 1.98 1.53 1.57 1.69
Acrylic L.G.F.S 1.91 1.67 2.06 1.88
Solutions Binder 17 2.07 1.5? 1.76 1.80
Binder 18 2.09 1.63 1.81 1.84
Lankro ES 2.61 1.45 1.72 1.93
Acrylic Binder S3 2.25 1.90 2.05 2.07
Emulsions LT 76 2.00 2o03 1.56 1.86
R1/115 2.15 2C48 2.12 2.25
Rl/6582 2 .2 0 . 2.07 2.18 2.15
None 1.72 - - 1.72
Treatment Means
*
2.12 1.86 1.85
Excludes *l\Ione* l0s0d 5% Between cells = 0.57; 
Means of rous = 0o33; 
Means of Columns s 0.18
carries part of the load. Otherwise it might have been expected 
that stronger polymers gave stronger composites.
Increasing polymer content over the range 5^-35^ had no effect 
on tear strength.
(ii) Leather Type
Retan composites were consistently about 13% stronger than those 
of full chrome.
(iii) Leather and Composite Thickness
Tear strength per unit thickness increased with increasing 
thickness suggesting a change in fibre structure even within the 
grain layer. The thickness/tear strength relationship of retan 
leather and composites was the same but the thinner full chrome 
composites were sufficiently stronger than the original leather 
to change the overall relationship. Furthermore, there is no 
difference in strength between 0.5 mm and 0.6 mm full chrome 
composites whereas there is in those of retan. (Fig. 5.2.55).
(iv) Method of Preparation
Grain layers split after impregnation were pr.aotically always 
stronger than those split before. (Table 5.2.38).
5.2.5 Stress Relaxation
The stress time curves for leather, composites and fibres do not fit 
classical exponential decay equations but they obey Nutting*s power
( 94) tlaw with high accuracy. Fig. 5.2.57 illustrates curves for leather
and composites. The polymers exhibited a mixture of behaviour depending 
on the initial strain, strain rate and type of polymer. The form of the 
various equations is considered later. For simplicity of interpretation 
stress relaxation rates have been expressed as the fractional loss in 
initial stress after 30 secs. Before making this arbitrary choice of 
time, the fractional loss was calculated for the fourteen times at which the 
relaxed stress was recorded. Analysis of these data revealed quite minor, 
unimportant differences between the significance of the experimental 
variables over the time scale of the relaxation process. The values after 
30 secs were a good compromise.
+ overleaf
Fig. 5.2.57 Typical stress relaxation curves of leathers and 
composites plotted as stress versus time(s)
(upper graph) or versus 1°9j_q time(s) (lower graph), 
taken from E3 at 5% initial strain. Only one 
leather is shown for clarity, the curves for full 
chrome and retan were very similar.
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Table 5.2,39
Relaxation rate of free films of Impregnant Polymers expressed as 
% loss inc^ after 30 secs and regression equation relating strain 
sensitivity of the rate to changing strain rate
Initial Polymer
Strain
Rate
Extension
( »
L1304 L.G.F. S R l/ll5 LT 76
5 5.7 65.2 - 21.5 15.5
10 2.3 58.2 15.7 10.3
0.00625 min '' 20 1.2 51.7 10.9 7.0
50 1.2 55.4 6.5 4.0
5 2.8 75.4 28.8 19.3
10 2.3 68.0 21.6 14.3
0*0625 min ^ 20 2.0 63.0 15.4 9.9
50 1.6 53.2 9.7 5.9
5 13.7 . 91.2 46.7 34.7
10 10.4 87.5 44.1 28.2
0*625 min ^ 20 6.8 89.6 36.3 23.6
50 5.1 76.8 26.5 18.3
5 17.9 95.6 63.6 43.3
10 14.2 93.8 58.9 34.3
6.25 min ^ 20 12.0 93.4 52.9 33.8
50 9.2 90.6 43.7 28.5
Regression equations for strain sensitivity of relaxation rate 
loss of07 W i  L = mS + K; S = strain (%)
.
Strain rat 
min ^
3 L1304 L.G.F.S Rl/115 LT 76
0.00625
0.0625
0.625
6.25
L=4.09-0.07S 
L=2.66-0.023S 
L=12.5-0.165S 
L=16.83-0.165S
L=60.9~0.153S 
L=74.3-0.44S 
L=92.7-0.30S 
L=95.8-0.10S
L=19.8-0.29S 
L=26.74-0.37S 
L=47.8-0.44S 
L=63.6-0.415S
L=13.7-0.215S
L=17.9-0.26S
L=32.9-0.316S
L=40.4-0.256S
Leathers and Polymers
The two leathers relaxed at similar rates but full chrome was consistently 
more rapid than retan although the difference was never significant in any 
single experiment
Loss in oy after 3D secs. (%)
Full Chrome Retan l.s.d. (5%)
E3 5% strain
. *
E3 10% strain
**
E6
* -1 Averaged over thickness and replicates at 1.25 min
strain rate. (Thickness had no effect).
14.7 13.0 1.8
CD 17.3 1.64
17.2 16.7 0.99
**
Averaged over strain and strain rate.
The relaxation rate increased with increasing strain rate and with 
increasing strain, both aspects are dealt with in the section on composite 
behaviour.
The polymers had vastly different behaviours ranging from the highly 
elastic L 1304, typically lUfo loss in 30 secs, to L.G.F.S. with typically 
50-90^ loss. The relaxation rate increased with increasing strain rate 
but decreased with increasing strain for all polymers. The rate of 
increase with increasing strain was not much dependent on strain rate, 
it increased slightly with increasing strain rate for L 1304 and Rl/ll5, 
went through a peak with L.G.F.S. at 0.0625 min 1 and was practically 
constant with LT/76. (Table 5.2.39).
After four minutes relaxation the residual stress in L.G.F.S. was generally 
quite trivial at low extension, about 2-3% of the initial value. However 
at higher strains, corresponding to the peak stress in tensile tests 
(see Fig. 5.2.13), up to 20^ of the original stress was retained. The 
two emulsion polymers Rl/ll5 and LT/76 fell between the extremes with 
LT/76 exhibiting less relaxation than Rl/ll5.
Composites
The polymer type dominated the relaxation behaviour more than any other 
experimental variable but over the range used, polymer content was of
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Fig. 5.2.581 Average stress relaxation rate of leather and
composites as a function of composition and initial 
strain. (E3). Strain rate = 1.25 min” .
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Fig. 5.2. 59. Average stress relaxation rate of composites and 
leather as a function of initial strain. (E7). 
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much less importance. Composites of aqueous impregnants increased in 
relaxation rate uith increasing polymer content up to about 20% and 
thereafter remained steady. (Fig. 5.2.58). L 1304 composites relaxed 
faster than leather but the rate uas largely independent of polymer 
content. In E3 the initial strain influenced the relaxation rate uhich 
uas higher at 10% than at 5% except for L.G.F.S. composites uhen the 
rate at 10^ uas arguably louer than at 5%>, but could not be proven so. . 
The dependence of the rate on initial strain uas houever conclusively 
proven by a separate study E7. (Fig. 5.2.59).
The rate increases to a maximum value as initial strain rises then either 
remains constant or declines depending on the polymer. Leather and 
L 1304 composites follou practically the same course, the latter at a 
higher relaxation rate. The peak rate occurs at about 10%) extension and 
thereafter remains constant. In composites of aqueous polymers the peak 
occurs at 5-7.5%, extension depending on the polymer and thereafter the 
rate declines fastest uith L.G.F.S. composites, less uith those of LT/76 
and least uith Rl/ll5 composites.
Relaxation rate aside there is a suspicion that at certain initial strains 
the stress in L.G.F.S. composites falls to, or belou, that of untreated
■j-
leather, uithin the four minutes of the experiment. (Fig. 5.2.60).
At 5%, strain there is only a small difference in stress betueen leather 
and the L.G.F.S. composites, but at 10% strain the stress in the tuo 
become equal after 140 secs. The result is not conclusive but the data 
from E3 uas examined in more detail.
For each leather an average stress/time curve (from tuo replicates) uas 
calculated at each thickness giving a total of eight curves. For each 
composite specimen in E3, the stress in the composite after a relaxation 
time t uas calculated as a multiple (or fraction) of the stress in the 
appropriate leather at the same time. The relative stress at time t is 
given by:-
Q p _ composite
^ (j\ leathert
Values of CTr^ uere analysed to identify 
significant effects.
+ overleaf
r-ty» 3 «/»d u Average stress relaxation rate of leathers and
of composites containing the highest quantity of 
polymers used in E3. Strain rate 1.25 min
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Table 5.2.40
Stress in composites relative to that in the equivalent leather 
after 4 mins relaxation at fixed strain. (E3). Strain rate 1.25 min 
See text for calculation method.
Polymer
Content
Polymer
L1304 ■ L.G.F.S Rl/115 LT 76
Full 1 1.28 0.95 \ 1.16 1.27
chrome 2 1,74 0.98 1.44 1.83
5% , 3 1.90 1.07 1.37 2.15
strain 4 1.86 1.21 1.56 2.36
1 1.44 0.85 • 1.03 1.39
Retari 0 *
2
zzcf
1.56 1.60 1.34 1.91
5% 3
1.71 0.92 1.25 2.21
strain ,
4 1.73 1.08 1.58 3.39
uiithin table l.s.d 5% = 0.65
Full 1 1.14 0.79 1.09 1.11
chrome 2 1.56 0.85 ' 1.02 1.58
1($ 3 1.87 0.97 1.36 1.74
strain 4 1.80 0.93 1.09 1.92
1 1.52 0.76 0.85 1.18
Retan 0
2 1.43 1.39 1.15 1.49
j 2.18 0.65 1.01 1.60
strain ,4 1.97 0.85 1.28 2.39
within table l.s.d 5% - 0.6
These specimens were of higher initial modulus 
than the others containing that polymer.
There was no apparent:reason.
■Jr4f
Nominal levels, actual values can be obtained 
from Fig. 5.2.53.
The essential features are given in Table 5.2.40 for data after 4 minutes 
relaxation. L.G.F.S. composites frequently have a lower stress than 
leather. Increasing polymer content reduces the tendency and at 5% 
extension, higher polymer levels retain a stress above that of the leather, 
but not at 10% extension.
This type of calculation is not of the most reliable kind since a few
f 1
stiff or soft specimens amongst those of no treatment could greatly upset 
the picture. The values for L.G.F.S. composites do not differ significantly 
from 1.00 and the effect is therefore not proven, but the consistency is 
such that there is a strong chance of it being real.
When <J~c, was examined over the wider strain range used in E7 two features
t
were apparent. (Fig. 5.2.61). Firstly the value of (Tr^ for all composites 
after four minutes falls as initial strain increases from 2.5/6 to 12.5^6 
and then remains steady. Secondly, at strains above 12.5/6 the value for 
composites of L.G.F.S. again fall slightly below 1.00 which is adequate 
confirmation of a fairly small effect.
1"The data in Fig. 5.2.61 were obtained by a two stage process. -The stress 
after four minutes was analysed to establish the presence or otherwise 
of major interactions besides any main effects. The only relevant one 
was strain x Polymer type. For the leather controls there was no 
interaction of strain with any other factor. Thus the stress in the 
composites was averaged over strain rate, polymer content and leather 
type (eight specimens in all because of the \ replicate design) and that 
in the leather over leather type and strain rate (again giving eight 
specimens). The CTr^ values were then calculated from the appropriate 
ratios.
Apart from the main effects of strain, polymer type and polymer quantity 
on relaxation rate of composites there are other lesser, effects worth 
noting.
On average, retan composites relax faster than full chrome, the reverse of
the leathers. There was a small dependence on the polymer type for the
precise ratio of the relaxation rates which appeared as a Leather x Polymers
f
interaction for relaxation rate. (Table 5.2.41). The source of the 
interaction is largely due to the difference between composites of LT/76
t overleaf
initial strain. (E7).
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Table 5.2.41
Rate of relaxation (%> loss in c£ after 30 secs) of retan composites 
relative to that of full chrome composites
25
~£>
Experiment
Polymer
L1304 L.G.F.S Rl/115 LT 76
*
E3 1.13 1.19 1.16 1.075
**
E7 1.13 1.31 1.28 1.13
**
Average of 5% and 10% strain over quantities and thickness
Average of eight strains, four strain rates and two quantities 
of polymer
Q
 O 
IX
Fig. 5.2*62 Average stress relaxation rate of composites as a 
function of composition and strain rate; and of 
leathers as a function of strain rate. (E7).
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and L.G.F.S. in E3, and between those of LT/76 and, L.G.F.S. and 
Rl/ll5 in E7. There is no l.s.d. (5%) available for Table 5.2.41.
The significant effects were established in tables of relaxation rates.
Overall the composites of the two leathers had a different response to 
strain rate (E7)s —
Full Chrome ^ 1qss ^  3Q secs = g>g? log s + 29.33 r = 0.98
Composites
Retan ^ 1qss ^  3Q secs = 12#54 i0g1QS + 35.9 r = 0.99
Composites
(S = Strain rate min
The untreated leathers had the same sensitivity. (Fig. 5.2.62).
Despite the overall linearity of strain rate responses for the composites 
of individual polymers (averaged over leather) it is curved in some cases. 
(Fig. 5.2.62). With those of L.G.F.S. and Rl/ll5 there is no doubt 
of the curvature but with L 1304 and LT/76 and the untreated leathers a 
straight line can be fitted quite as well as the shallow curve, in a 
statistical sense. The curve has been drawn in all cases for consistency. 
Higher polymer content brought higher strain rate sensitivity, dependent 
on the polymer type. Uith L 1304 there was practically no difference 
between high and low levels of polymer content and with Rl/ll5 and LT/76
it was just significantly different at the highest strain rate. In
L.G.F.S. composites the two lines are always significantly apart.
On removal of the stress the two leathers recovered by different amounts 
but consistently so at all initial extensions. Retan had higher ’set1 
than full chrome although recovery was at the same rate in each case.
(Fig. 5.2.63). There was no dependence on initial strain rate. The 
dependence on initial strain is considered along with composites.
In the composites, polymer type and quantity had a considerable influence
■A*
which generally changed with time. (Fig. 5.2.64). L 1304 composites 
had less residual extension than their parent leather at all times. 
Increased polymer content reduced it further. On the other hand those 
of L.G.F.S. had much greater residual extension than the leathers after
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Fig. 5.2.6 3 The time dependence of the average residual strain 
after removal of stress from stress relaxation 
specimens of full chrome and retan leather. (E7). 
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10 secs recovery and it increased with increasing polymer content at 
both 5% and 10^ extension. However, after 24 h increasing polymer 
content slightly reduced the residual extension. Uith 5% initial 
strain it fell to about that of the leather, but at 10% it was well 
above it.
Rl/ll5 composites had a tendency to decreasing residual strain with 
increasing polymer contents up to about 25^ 6 and thereafter to increase 
it. At short recovery times its composites had higher residual 
extension than leather but after 24 h, generally slightly less.
At 5% extension LT/76 composites also had lower residual extension for 
higher polymer content up to about 2U% and thereafter it was constant.
After 10 secs and after 24 h the composites with higher polymer content 
had less residual extension than leather and those with lower content 
slightly more. At 10% extension, after 10 secs the whole of the polymer 
content response curves lay above the residual extension value for leather 
and went through a peak at about 20^. The curve was the same general 
shape after 24 h but lay at or below the values for leather at that time.
Plots of residual extension versus log time were never linear. ' They 
usually followed a power law of the same type as the stress relaxation 
curve. Fig. 5.2.65 shows mean curves for composites of four polymers 
at two initial extensions. A rather curious behaviour of the two 
leathers is shown in the same diagram. Retan composites of L 1304 had 
lower residual extension than its full chrome, but the position was 
reversed with those of L.G.F.S. Rl/ll5 and LT/76 were so similar in 
their composites of both leathers that no attempt has been made to separate 
them and the data are simply plotted as four dots at each time with a 
common curve. Exactly the same situation occurred in a second experiment 
(E7). No other experimental variable produced the juxtaposition of full 
chrome and retan composites.
The general findings reported above were confirmed over the strain range 
2.5%-25%. (Figs. 5 .2.66 and 5.2.67). In the long term, in this case 
up to a week, the composites of L 1304 and Rl/ll5 and LT/76 have lower 
residual extension than leather although in the short term (15s) it 
may well be greater. Uith L.G.F.S. composites it is always greater 
after 15 secs; and after a week the initial strain needs to be taken into
£ & •  5-
ot initial strain.
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2.67 Average residual strain in composites of different 
polymers after 4 min stress relaxation, as a 
function of time and initial strain.
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Fig. 5.2.68 Average residual strain in leather as a v/0 or initial strain, 
present after various recovery times follouing 4 min stress 
relaxation as a function of initial strain#
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Fig# 5.2.69 Average residual strain in composites of different polymers
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practically the same residual extension. In the range 12.5-20% 
untreated leather has the lower value but at 25% they are again 
identical.
The data from Fig. 5.2.66 and 5.2.67 have been replotted to illustrate 
the proportion of the initial extension which is unrecovered at various 
strains and time for the four polymers. (Figs. 5.2.68 and 5.2.69).
There is a pronounced ^ip* in the curve at 5% initial extension for 
all leathers and composites except those of LT/76. At extensions 
above 5%, the plastic content of the strain increases with increasing 
initial strain.
Strain rate had a numerically small, but statistically significant 
influence on residual extension. High initial strain rate gave 
greater residual extension than low. The type of polymer had a small 
influence, L 1304 composites showed about a 5% increase in the residual 
extension value in going from lowest to highest strain rate (i.e.
2.1% at 0.0625 min ^ and 2.2% at 6.25 min ^). Composites of the other 
polymers showed larger increases, viz. L.G.F.S 13%, Rl/ll5 14% and 
LT/76 15%.
There was also a dependence on initial strain which again focused 
attention on the 5-10% extension region* As initial extension increased 
from 2.5% to 7.5% the strain rate sensitivity also increased but at 
higher strains it decreased again and for 15%, 20% and 25% extension
■j*
it was virtually nil. (Fig. 5.2.70). (To conserve visual resolution 
at lower strains, the data at 15%, 20% and 25% extension have been 
averaged in the diagram). The strain rate dependence is preserved 
after 1 weeks recovery.
Single Fibres
The fibre relaxation behaviour.reflected quite well with that of the 
leathers, full chrome relaxing faster than retan, although unlike the 
leathers their response to increased initial strain was slightly 
different, 
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Fig. 5.2.70 Average residual strain in composites (of all 
polymers) after 15 s and 1 weeks recovery as 
function of initial strain and strain rate.
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Table 5.2.42
Average stress relaxation rate of single fibre bundles# 
(% loss eg after 30 s E10)*
Fibre * 
Treatment
L1304 L.G.F.S Rl/ll5 LT/76 None
Loss in eg 
after 
30 s (%)
12.3 17.8 12.9 13.7 12.85
l.s.d 5% = 4.5
Polymer treated fibres, averaged over initial strain, 
strain rate, type of fibre and degree of pre-strain. 
Untreated, averaged over strain, strain rate and fibre 
type only.
Table 5.2.43
Stress relaxation rate of previously unstrained retan fibre bundles 
from a confirmatory study. (% loss eg after 30 s). Each value 
is the mean of four data obtained at a strain rate of 5 min
Treatment Initial Strain None L.G.F.S
W)
Loss in og 2.5 17.1 (13.9) 35.5 (32.0)
after 
30 s (%)
10 19.0 (15.3) 23.3 (21.8)
Data in parentheses are taken from E10 for comparison
Loss
in
Strain (%) Full chrome Retan
after
30s 0Q
2.5
10.0
14.8
13.2
10.9
12.5
l.s.d 5% = 1.7
Treatment of fibres with L 1304, Rl/ll5 or LT/76 scarcely affect the 
relaxation rate but treatment uith L.G.F.S considerably increased it. 
(Table 5.2.42).
Closer inspection of the data revealed that the difference uas due to 
a particularly high relaxation rate of retan fibres uhich had not been 
prestrained but strained at 5 min ^ in their relaxation test. Typically 
they lost 30% of initial stress in 30' s compared uith 12-16^ for 
comparable specimens treated uith other polymers. A further 16 fibres 
uere prepared, a random selection of 8 uas treated uith 20^ L.G.F.S 
solution and 8 left untreated. Four of each type uere strained to 
2.5^ or 10^ at 5 min The finding uas generally confirmed.
(Table 5.2.43).
Since there is no evidence that L.G.F.S increased fibre modulus in a 
tensile test or the initial stress in the present study, it is clear 
that the stress in a treated fibre must fall to belou that of a comparable 
untreated one in a stress relaxation test. Whether the effect is as 
large on the fibres of the grain layer as in these relatively coarse 
corium fibres is unknoun, but the behaviour of L.G.F.S composites 
(Figs. 5.2.60 and 5.2.61.) suggests that it may uell be present to some
The strain rate sensitivity of the fibres uas not as regular as that of 
leather or composites. That of the polymer treated, pre-strained fibres 
does not differ from that of the same group of fibres before polymer 
treatment. Those uith no previous strain history houever, had a higher 
sensitivity but this uas entirely due to the single point for L.G.F.S 
treated fibres tested at 5 min (Fig. 5.2.71). The remaining points
on that line uould easily fit the regression equations from the other 
groups of fibres.
* overleaf
extent
strain rate, ror single fibre bundles treated 
with different polymer types (including ‘none*).
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Table 5*2.44
Average stress relaxation rate of model joints (% loss inc£ after 
30 s. Ell)
Joint State Polymer L1304 L.G.F.S R1/115 LT/76
Before 1 Rupture1 23.0 63.7 58.7 34.2
After Rupture* 92.5 79.3 73.8 74.1
l.s.d 5% — 12.0
At extensions below that of joint rupture, relaxation occurred very much 
slower than at extensions above joint rupture, on average these were 
43.9% and 80$ loss in 30 s respectively. (This difference is significant, 
well beyond the 0 .1% level).
Before rupture the relaxation rate strongly reflects composite behaviour 
for a given polymer. Beyond rupture there is no difference between 
the joints of aqueous polymers whilst those of L 1304 joints relax most 
rapidly of all, probably because of the very thin sheath of polymer 
surrounding the fibres, which rapidly deforms to a position where the 
stress in the system has fallen to practically zero. The joints from 
the aqueous polymers had a thicker sheath and fibres could only pull 
through with relative difficulty, yielding a slower stress decay.
(Table 5.2.44).
The type of fibre in the joint made no difference (statistically) to the 
relaxation rate, although, perhaps fortuitously, they gave the same 
relative behaviour as the fibres themselves. They were, full chrome
= 63.5$ and retan = 60.3$ losses in cr in 30 s. It is perhaps of interest
to note that the two replicates of the experiment gave values of,62.5$ 
and 61.3$ loss in . The difference was not significant.
Stress Relaxation Equations
The classical exponential stress decay of a Maxwell body is given by:-
cr = c£ ex p (-f - ) ..... .................................s-2
t A
where X is defined as the relaxation time. The equation implies that 
the stress will fall to zero at infinite time. Real solids rarely 
obey this relationship exactly and Nuttings law is more generally 
applicable:-
t - m
................... 5.3
where m and z are constants characteristic of the material and z has
the connotation of the time at which relaxation begins after deformation 
ceases.
The date for every specimen of leather, composite, polymer, fibre and 
joint were analysed by linear regression of l°9e (cr0 / °[ ) against t, 
and logg (c^ /a^ ) against loget. The correlation coefficients of
the two analyses were compared.
(i) Leathers, composites and single fibres, (untreated and treated 
with polymer) generally fitted the power law better than the 
exponential. Llhen the exponential was the best fit, in about 
10-15$ of the specimens, the difference in the correlation 
coefficient was usually in the third or fourth decimal place 
in values of about 0.9990. The differences were so small as
to be negligible and the power law was taken as the best general 
fit.
(ii) The joints and polymers had a somewhat different behaviour.
L 1304 in bulk was equally well represented by either equation 
and correlation coefficients were always high. L.G.F.S. was 
better represented by the exponential at strain rates of 0.0625 
and 0.625 min \ but by the power law at 1.25 and 6.25 min 
These differences were definitely noticeable,,r values were 
typically 0.94 and 0.995 for the power and exponential fits 
respectively. Both Rl/ll5 and LT 76 were exponential in behaviour 
over the whole range of test conditions but differences from a 
power law were very small, difference occurring in the 
third and occasionally the second decimal place. Before- rupture, 
joints of all polymers generally followed a power law best and 
after rupture they showed exponential decay, almost inevitable, 
since many of them practically reached zero stress within the 
limit time scale of the experiment.
On balance, the wider applicability of the power law to the composites 
and leather made it the preferred method of representation for all data.
The values of m and z were obtained by regression analysis for each
specimen and the analysis of variance was made in just the same way as
for any other parameter in a given experiment.
There are two difficulties in interpreting such a power law. Firstly the 
z value in particular may be influenced by inaccuracies in the measurement 
of stress values at short times. Secondly, when an experimental variable 
influences m and z simultaneously it may be difficult if not impossible to 
interpret the influences of structural changes on each separately.
Table 5.2.45
2
Average values of m (xlO ) for leather and untreated fibres. 
(E7 and E10).
Full chrome Retan l.s.d 5%
in2m x 10
Leather 3.72 4.20 0.28
Fibres 3.37 3.99 0.47
Table 5.2.46
Average strain dependance of m in leather.
Strain (/&) 2.5 5 7.5 10 12.5 15 20 25 l.s.d
m x 10^ 3.54 3.76 3.91 4.11 4.17 4.06 4.12 3.98 0.56
% loss 
(30 s) .14.9 15.6 16.2 16.7 18.2 18.9 17.3 17.9 2.2
Table 5.2.47
Average strain rate sensitivity of z in leather and fibres.
7 1 I IR<=?
Strain rate Strain rate
-1 . -1
m m Leather Fibres m m
0.5 1.00 1.41 0.05
2.5 0.20 1.21 0.10
5 0.206 0.58 1.00
25 0.191 0.26 5.00
Leather, 1.s.d 5% = 0.117; Fibres, l.s.d 5% = 0.13
Table 5.2.48
Average 1 z.’ values for leathers and their fibres (untreated) 
(E7 and E10)
Full chrome Retan
, , , 1 -’T
l.s.d 5%
Leathers 0.36 0.44 0.03
Fibres 0.92 0.81 0.23
Leather and Fibres
The m values of leather and untreated fibres were very largely dependent 
on the nature of the leather. (Table 5.2.45). In leather, the 
dependence on initial strain followed the same trend as the % loss in 07 
after 30 s but was not a proven effect. (Table 5.2.46). There was 
no strain dependence with the single fibres.
Polymer treated fibres only differed from untreated fibres when L.G.F.S 
was the polymer and the strain rate was 5 min \  The m value was then 
0.074 compared with 0.030-0.040 for the other fibres.
The z values for untreated and treated fibres were similar, only 
dependent on strain rate and declined as the strain rate increased.
In leather, there was a big difference between the value at the lowest 
strain rate and at the others, which were indistinguishable from each 
other. (Table 5.2.47). (Note the differences in actual strain rates 
for fibres and leather put alongside each other). There was a small 
difference in z values for the two leathers and their fibres but no more 
than a trend. (Table 5.2.48).
The z values obtained at the lowest strain rate with leather and fibres 
suggests a plateau region in the stress time curve extending for about 
l-l-g- s. This was in fact observable on the original plots from the 
Instron recorder. The z value of 0.2 s at higher strain rates could 
not be convincingly attributed to such a plateau. With fibres the 
plateau was present at the two lowest strain rates but doubtful at 
higher ones.
Polymers and Joints
In the bulk polymer, the relaxation curves were fitted to different 
extents by equations 5.2 or 5.3 depending on the polymer, initial strain 
and strain rate. The data are recorded in Table 5.2.49^ From the 
exponential equations the relaxation time X is recorded, (The time at 
which although it is recognised that this is only an approximation
°o e V
to the behaviour which would need a spectrum of such A v/alues for complete 
description. The power law equation is given in terms of m and z.
The asterisks indicate the occasions when the exponential was the best fit.
^ overleaf
Table 5.2.49 The values of the constants obtained from exponential and 
power law regression analyses of the stress relaxation 
data for polymer films. L = A , R = correlation coefficient,
FI and Z = exponent and constant in the power law.
* indicates those cases where the exponential law is the better fit.
L1304
Strain 
rate 1
Strain
w
EXPONENTIAL POWER LAW
(min" ) L R M z R
5 4412.4 -0.847 -0.013 1 • 20 -0.98 1
10 6494-4 -0.926 -0.808 0. 70 -0.98 7
0.00625 20 11032.9 -0.939 -0.005 0*56 -0.963
50 9219-7 -0.951 -0.006 0. 34 -0.965
5 57 14.7 -0.906 -0 . 0 1 0 0 • 70 -0.996
10 5543.7 -0.932 - 0 . 0 1 0 0.55 -0.987
0.0625 20 6982.2 -0.941 -0.008 0 . 8 1 -0.9 78
50 8575.5 -0.933 -0.006 0.34 -0.947
5 29 58.5 - 0 . 8 16 -0 . 0 2 1 28 . 41 -0.991
0.625
10 3608.3 -0.819 -0.017 15-87 -0.994
20 3930.1 -8.849 -0.015 2. 78 -0.995
50 3893.3 -0.896 -0.015 1-31 -0.996
5 3143*6 -0.788 - 0 .3 20 366.72 -0.978
10 3634.2 -0.764 -0.018 123*84 -0.9 79
6.25 20 3306-7 -0.809 -0.019 24. 39 -0.99 2
' 50 3282. 8 -0.852 -0 *018 5-90 -0.996
5 113.0 -0.954 -0.440 0. 58 -0.9 73
10 1 60.0 -0.939 -0.332 0 . 68 -0.982
0.00625 20 54. 2 -0.931 -0.89 4 0. 24 - 0 . 8 8 8
50 112.7 -0.975 -0.440 0.4 0 -0.95 1
5 1 23.9 -0.921 -0.441 1.07 -0.990
10 115.6 -0.929 -0.467 0. 50 -0.987
0.0625 20 141.3 -0.933 -0.380 0. 63 -0.984
50 153.0 -0.957 -0.3 38 0.53 -0.972
5 89. 2 -0.9 86 -0.626 2. 04 -0*99 6
10 S3. 2 -0.920 -0.658 1 • 08 -0.990
0.625 20 102.5 -0.874 -0» 5 64 1.27 -0.992
50 105*9 -0.925 -0.513 0. 76 -0.938
5 65. 1 -0.94 1 -0.8 19 2 . 03 -0.986
10 89. 2 -0.9 00 -0.632 3- 13 -0.998
6.25 20 77. 1 -0.9 14 -0.718 1 .80 -0.995
50 1 26. 1 -0.625 -0.540 2-46 -0.836
Table 5.2.49 - continued
Polymer
Rl/115
LT 76
Strain Strain EXPONENTIAL POWER LAW
rate «) '
(min ) L R M Z R
5 413.0 -0.963 -0.123 0*40 -0.965
10 451 . 3 -0.9 79 -0.109 0.31 -0.947 *
0.00625 20 487. 2 -0.988 -0.09 4 0. 25 - 0 . 8 8 6 *
50 852. 1 -0.988 -0.056 0. 25 -0.93 1 *
5 348. 4 -0.949 -0.151 0.47 -0.978
10 420.2 -0.960 - 0 . 1 2 2 0.40 -0.967
0.0625 20 487. 5 -0.9 76 - 0 . 1 0 2 0.32 -0.953 *
50 6 64 • 8 -0.984 -0.073 0.27 -0.938
5 314.6 -0.9 17 -0.175 1 . 53 -0.994
10 29 2. 4 -0.932 -0.185 1 . 02 -0.989
0.625 20 338.3 -0.934 -0.159 0. 73 -0*987
50 373. 3 -0.954 -0.139 0.47 -0.974
5 29 1 . 0 -0.899 -3. 193 7. 38 -0.995
10 285* 6 -0.9 06 -0 . 19 6 3.82 -0.996
6.25 20 26 1 . 3 -0.925 -0.208 1 *53 -0.99 1
50 306.8 -0.925 -0.177 1.14 -0.987
5 532. 0 -0.971 -0.094 0.35 -0.958
10 749 . 5 -0.975 -0.066 0.33 -0.952 *
0.00625 20 950.8 -0.981 -0.351 0 . 28 -0.943 *
50 1363.7 -0.990 -0.035 0.25 -0.925 *
5 505.0 -0.950 -0.103 0.43 -0.974
10 611-3 -0.966 -0.083 0.37 -0.964 *
0.0625 20 720. 2 -0.976 -0. 0 69 0. 29 -0.950 *
50 1051.0 -0.984 - 0 *04 6 0.26 -0.938 *
5 409.9 -0.929 -0. 132 1.13 -0.990
10 466. 2 -0.933 -0.115 0. 78 -0.988
3 • 625 20 48 7. 2 -0.939 -0.109 0.57 -0.984
50 531 .9 -0.956 -3.09 7 0.43 -0.972
5 415-2 -0.9 24 -0.132 3. 08 -0.992
10 435.6 -0.938 - 0 . 1 2 2 1 . 22 -0.984
6.25 20 458.8 -0.9 16 - 0 . 1 2 0 1.31 -0.994
50 454- 1 -0.9 28 -0.119 0. 75 -0.989
Table 5.2.50
Average stress relaxation parameters of composites, 
strain rate = 1.25 min \
*
Polyme]
level
L1304 L.G.F.S R1/115 LT 76
m z m z m z m z
( 1 
5% (
2strain £  ^
 ^ 4
0.0447
0.0450
0.0469
0.0477
0.195
0.193
0.231
0.208
0.1044
0.1234
0.1592
0.1786
0.107
0.171
0.252
0.292
0.065
0.0821
0.0899
0.0992
0.156
0.181
0.204
0.272
0.0609 
0.0715 
0.0801 
0.084i
0.170
0.185
0.214
0.262
l.s.d 5% m = 0.0125 z = 0.069
io% ( 1
( 2 strain )
C 3 
 ^ 4
0.0507
0.0512
0.0553
0.0534
0.24
0.29
0.45
0.65
0.106
0.131
0.175
0.190
0.241 
0.290' 
0.450 
0.605
0.077 
0.102 
0.109 
0.122
0.388
0.446
0.449
0.627
0.079
0.081
0.109
0.096
0.524
0.405
0.533
0.528
l.s.d 5% m = 0..0157- z = 0.14
Nominal levels, actual values can be obtained from Fig. 5.2.53 
Table -5.2.51
Experimental and predicted average values of % loss ino^ after
30 s . Predicted values are calculated from Table 5.2.50 {5%
\ cr i *“ ni
initial strain) using the equation =f^) Experimental data
are from Fig. 5.2.53.
Polymer
level
L1304 L.G .F.S Rl/115 LT 76
A 'P A P A P A P
1 21.0 20.15 46.0 44.5 28.5 28.9 27.00 27.02
2 20.7 . 20.3 50.5 47.2 34.1 34.3 30.5 30.5
3 20.6 20.4 54.0 53.3 36.3 36.2 32.5 32*67
4 21.5 21.2 54.9 56.3 37.0 .37.3 33.1 32.9
A = Actual values P = Predicted from the regression equation
Table 5.2.52
Average values of m and z for the composites of different leathers 
(E3 - 5% strain)
m z
Full chrome- 0.0806 0.228
Retan .0.0922 0.183
l.s.d 5% 0:0044 0.0243
law must break down at short times since there is no obvious plateau 
in the load/time curve corresponding to the higher z values.
L.G.F.S only at high strains and the lowest strain rate did the exponential 
equation fit well. The z values obtained from the power law did not 
appear to have any physical significance under any of the test conditions.
Rl/ll5 was better fitted by the exponential in five cases, all at the 
lowest strain.
LT/76 behaved much like Rl/ll5 and at low strain rates the exponential fit, 
even when better than the power law cannot be considered outstandingly good.
In their unruptured joints, the power law was usually best for all polymers 
and when the exponential fit had best correlation coefficients, the 
difference was very small. No further attempt has been made at analysis 
of their behaviour.
Composites
Straining to 5$ and 10$ at 1.25 min ^ (E3) produced a relatively simple 
picture. Both m and z increase with increasing polymer content, but whilst 
m is very dependent on polymer type z is much less so. (Table -5.2.50).
Average values of $ lossc^ 30 s calculated from average m and z values 
agreed quite well with experimental observations. (Table 5.2.51).
The small numerical differences are no more than expected when average 
individual points are compared with the same value, predicted from an average 
regression equation. The most notable exception is the overall average 
for the two leathers when 15.15$ and 16.27$ are the predicated values of 
$ loss in for full chrome and retan respectively, against observed 
values of 17.24$ and 16.7$. The cause of this discrepancy is not clear. 
Both parameters were dependent on leather type but there were no complex 
interactions with other variables. (Table 5.2.52).
There was practically no difference between the responses of m and z to 
the experimental variables at 5$ and 10$ initial extension although the 
absolute values were slightly higher at 10$ than at 5$ (e.g. Table 5.2.50).
Over the wider strain and strain rate range used in E7, m and z by and 
large reflected the results already reported as $ loss in oj- after 
30 s. There were however a number of important additional features.
Fig. 5.2.72 Average strain dependency of m and 2 values for 
composites at different polymers. (E7).
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(i) Uith increasing strain m reached a peak value for all composites 
and then either declined at higher strains or remained constant, 
depending on the polymer much as did the % loss in eg- after
30 secs. On the other hand 2 showed a very different behaviour. 
(Fig. 5*2.72). In L 1304 composites it declined as initial 
strain increased from 2.5%o to 12.5% and then fell sharply at 
15%> but increased again to 25%o strain. In composites of the 
aqueous polymers 2 increased to a first peak as initial strain ' 
increased from 2.5%> to 7.5%>, then fell to an intermediate minimum 
value at about 1U% strain. Thereafter it increased with increasing 
strain up to 25%0. The behaviour of 2 is certainly complex and 
the curves in Fig. 5.2.72 have been drawn to pass through the 
points to demonstrate the complexity, although an ill fitting 
monotonically increasing curve could arguably be drawn through them. 
The similarity between the aqueous based composites gives added 
confidence in the validity of the complex curves drawn. (The 
Polymer x Strain interaction is significant at the 0.01 level).
The response of m to increasing strain should be compared with 
that of %> loss <t0 30 secs, in Fig. 5.2.59 .
(ii) Strain rate greatly affected 2 . It decreased with increasing 
strain rate and although there was some evidence of the appropriate 
plateau region in the load/time curves it is less convincing than 
with the leathers. The value of m was also strain rate sensitive, 
but only to the change from lowest strain rate (0.0625 min ^) to 
the next highest. (Table 5.2.53)
5.2.6 Cantilever Bending Stiffness
The results are calculated as the couple required to produce a small 
(unspecified) curvature in a 1 cm wide strip. The units are g . cm./cm. 
Dynamic bending tests give stiffness as the couple required to produce 
unit curvature in a 2.54 cm. wide strip. To allow comparison of the 
two sets of data, the cantilever stiffness has been multiplied by 2.54 
rather than reduce the dynamically obtained data to unit width, simply 
because the cantilever and dynamic specimens were the same width, 2.54 cm.
^ overleaf
Table 5.2.53
Average m and z values from regression analysis of composite 
stress relaxation curves at different strain rates.
(Data source E6).
'{-Polymer Strain . rate 0.0625 0.625 1.25 6.25
L1304
m x 102 4.38 4.99 4.94 4.91
z 1.11 0.29 0.17 0.165
L.G.F.S m x 102 8.90 13.10 13.60 12.65
z 1.46 0.39 0.21 0.10
Rl/115
2
m x 10 7.79 8.95 8.80 8.94
z 1.51 0.34 0.19 0.095
LT 76
2
m x 10 6.87 8.17 8.22 8.36
z 1.49 0.46 0.22 0.096
l.s.d 5% m =0.81 xlO ^ 
z = 0.091
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Generally the cantilever bending stiffness of bulk leather (say 1.5 mm 
thick) is asymmetric. It is greater with the grain layer on the outside 
of the curve. This was true of the thin leather used in this work but 
in the composites the method of preparation had a large influence on the 
magnitude and direction of the asymmetry. Those split off after 
impregnation (Tl) had very great asymmetry and were stiffest grain out.
(Table 5.2.54). Those split and curtain coated (T2) were very nearly 
symmetrical whilst those split and dipped (T3) were markedly stiffer 
grain inwards. Overall Tl produced softest grains and T 3 stiffest, as 
might be expected from considerations of mechanical action and polymer content.
There can be little doubt that the extent and direction of the asymmetry 
arising from preparative methods T2 and T3 is a true reflection of the 
composites structure since the specimens were straight and flat. Tl needs
to be considered with care because when laid on a flat surface the
specimens had a definite curl extending for about 3 cms from each end with 
the grain innermost. It was probably generated on entering and leaving 
the guide nip of the splitting machine. Removal of this section from a 
few specimens practically removed the asymmetry. It was not possible 
to do this for all the specimens because their overhang length was close 
enough to the total specimen length to make its measurement difficult and 
unreliable after the removal of the requisite 6 cms. Thus the asymmetry 
is almost certainly more apparent than real.
Those specimens which were dipped, quite probably had a greater concentration 
of polymer in the 1 flesh1 side than those treated only from one surface, 
which accounts for their greater stiffness with the flesh side in tension.
Cantilever bending stiffness has been compared’ with the product El taking 
the initial modulus from tensile tests as the appropriate value of E since 
in bending the strains are probably only small. The arithmetic mean of 
the grain 1 out* and grain * in* values was used.
Using the values of El for each preparative method separately the following
relationships were obtained.
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versus polymer initial modulus* The composites uere 
prepared fay impregnation on a curtain coater after splittihg. 
They have a polymer content of about 15%. (E2)*
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Regression Equation
1.0 1.20.80.6‘ 0.2 0.40
•Polymer I nit ial Modulus (MN/rrf
T l -------- Gc = 0.625 (El) + 1.65 r = 0.58 n/s
T2 ------  Gc = 1.25 (El) - 1.7 r = 0.93 0.1$
7 3 -------- Gc = 0.9 (El) + 0.35 r = 0.85 1$
In cases of minimum asymmmetry (T2 and T3) the bending behaviour is 
fairly closely described in classical terms.
Bending stiffness increases with polymer stiffness, as does initial 
modulus, but the polyurethanes again give anomalously low values.
Tables 5.2.11 and 5 .2.54 can be compared for the detail, Fig. 5.2.73 
illustrates the point for preparative method T2 where asymmetry is least.
.5.2*7 Dynamic Bending Studies
t
The examples of typical curves shown in Fig. 5.2.71 are reduced 
examples of actual Instron Chart records. The originals were of necessity 
to different scales to preserve precision of measurement. The essential 
features are:-
(i) Retan leather has an initially stiff linear behaviour in the
-1 -1 
first cycle, but from about 0.3 cm curvature up to 3 cm
the flexural rigidity assumes a lower value but the response
is still practically linear. In full chrome leather the initial
stiff section extension to about 0.6 cm ^ and thereafter the curve
has a decreasing slope up to 3 cm
Retan leather reaches what amounts to an equilibrium curve 
after one complete cycle. In tests up to 200 cycles no further 
change was observed. Full chrome leather does not achieve 
equilibrium for about 6-8 cycles (only 4 are shown in this 
illustration).
The residual curvature of retan leather is much greater than 
that of full chrome and is symmetrical about the couple axis 
whereas full chrome is slightly asymmetric, recovery from bending
* grain out1 leads to a larger residual curvature than from
* grain in1.
t overleaf
(ii)
(iii)
btirrness test:. ine actual traces nave oeen 
photo reduced by 30% of their linear dimensions.
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LG.RS Composii
Couple
Fig* 5»2.75 Idealized Dynamic Bending Stiffness trace and its 
characterization by thise parameters.
Initial Stiffness = slope of AO
Lou Curvature Stiffness = slope of 3H and/or GF
Residual Curvature = CE and/or OD
The curve has been drawn asymmetrically about the 
couple and curvature axes and the arithmetic mean 
of CE and OD can be taken as the mean residual curvature.
Couple {g. cm.'
Curvaturelcm’
(iv) The'L.G.F.S. composite illustrated shows features quite 
general to composites of other polymers. It is much stiffer 
than either leather, it has the same initial straight part to 
the curve followed by a curved section shorter than that of full 
chrome. The equilibrium curve is only reached, in general, 
after 20-30 cycles but changes are small after 5-6 cycles.
The residual curvature is greater than either retan or full 
chrome leather, (this is very much a feature of the polymer 
type as will be seen later) and it is more asymmetric about the 
couple axis than either leather. (This did depend a little on 
the polymer type).
(v) Although not illustrated, it is readily observed that, if a 
tested specimen is allowed to recover for several days and 
retested, with retan leather the same curve is traced as during 
the first test. When full chrome is used, the first cycle 
needs lower couples than in the first and the equilibrium curve 
is attained after 3-4 cycles at most. When composites (of any 
polymer) are retested, the first cycle requires much lower 
couples than in the first test and the majority of the curve in 
that first cycle is either straight or of only small curvature.
(vi) To make measurements of the initial stiffness 1 grain in* and
1 grain out* requires two tests since retest of the same specimen 
gives spurious results.
Complete characterisation of each curve would require the presentation 
of considerable data but with three parameters (Fig. 5.2.75) a fairly 
clear picture of the main features emerges. The initial stiffness 
reflects the flexural rigidity of the undisturbed composite, the low 
curvature stiffness after four cycles reflects the elastic component of 
bending stiffness in a dynamic equilibrium situation and the residual 
curvature indicates the non-elastic content of the deformation. The 
force required to recover this non-elastic deformation is given by the 
coercive couple (the width of the hysteresis loop measured along the 
couple axis) which can be derived sufficiently accurately, if required 
from the product of residual curvature and low curvature stiffness.
Fig. 5.2.76
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The relationship between composite initial stiffness 
(D.B*S. test) and cantilever flexural rigidity for 
the three preparative methods used in E2.
Key.
® Polyurethane 
x Aqueous Solution 
o Aqueous Emulsion
Regression
Ideal
16-
0 168 32
/
T 2
1 6
8
0
16 240 8
T3
0 8 16 32
-Cantilever Bending St i f f ness (g.cm./ 2-54c m.)-
Composite initial stiffness (D.B.S. test) related to the 
classical ‘El1 product obtained from tensile tests.
(E2 and E3).
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Initial Stiffness
The curvature over which initial stiffness is measured is low, 0.03 cm'^j 
and in that range flexural rigidity is practically constant. There ought 
then to be a close relationship with cantilever stiffness (curvature 
of the order of 0.1 cm ^). There is agreement (Fig. 5.2.76) but the 
closeness depends on how the specimens were prepared. This is probably 
because the directional dependence of initial stiffness is not as great 
as that of cantilever stiffness and is more consistent in rating ‘grain in1
-j-
stiffer than ‘grain out‘. (Table 5.2.55). The asymmetry due to 
preparative method Tl is not large and generally in line with that of T2 
which is some confirmation of the observation made concerning specimen 
curl with Tl.
Although the relationship is not perfect, there are sufficient points 
close to the ‘ideal* 1:1 relationship to suggest that deviation from 
ideality is more due to localised variations in stiffness along a strip 
than to any inherent difference between the two methods. The lower
dispersion of data from T2 specimens is almost certainly a consequence
of the low asymmetry of these specimens.
There is a close relationship between the product El (E = Ml) and initial 
stiffness of preparative method T2, data from another experiment also 
fits the regression line well, (Fig. 5.2.77), but there was no significant 
relationship with Tl or T3.
Tl Gi = 1.0 El +9.7 r = 0.16 n/s
T3 :- Gi = 1.4 El + 9 . 0  r = 0.59 n/s at 5%
As with cantilever data it is qualitatively clear that stiffer polymers 
give higher bending stiffness, formal relationships have not been 
established because of the differences due to preparative methods and 
the asymmetry.
Increase in composite stiffness with thickness was as described earlier 
(Experiment El, section 5.1) and only very slightly dependent on type of 
polymer.
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f A9» 5*2.78 Initial Stiffness of leathers9 and of composites
as a function of composition, from Dynamic Bending 
Stiffness tests. (£4).
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>--------------------------------------------------------- Polymer C o n t e n t ( % ) ------------------------------------------------------>
L.G.F.S : - Gi = 104-b. T2-TZ r = 0.995--- —  5.5
Rl/115 :- Gi = IQ4'6. T2 *69 r = 0.992--- —  5.5
LT/76 : - Gi = ID4'4. I2 '49 r = 0.992--- —  5.7
The data are from E3, Gi is 2 _ . in g cm , T in cm, averaged over leather
and polymer content.
Increasing polymer content increased composite initial stiffness but 
the response was non-linear with aqueous treatments. Polynominal 
equations were a better fit than power laws. (Fig. 5.2.7s).
The non-linear responses are not simply a question of the non-linear 
increase in thickness with increasing polymer content. (See section 5.2.2). 
If the stiffness of the composites is rationalised to a thickness of
0.5 mm using equations 5.4 -5.7 > the response is still non-linear and 
therefore probably reflects structural features.
Although full chrome leather is stiffer than retan (5.58 g. .cm against 
3.83 g ..cm for c.a. 0.45 mm thickness), in the composites of aqueous, 
polymers retan is stiffer than full chrome, but in those of L 1304 there 
is no real difference due to the original leather. The slightly greater 
thickness of retan specimens is. not the cause either as is easily 
demonstrated by normalization to 0.5 mm. The effect is particularly 
surprising since the initial modulus of retan composites is generally
equal to or less than that of full chrome and especially so in L 1304
composites. Indeed the polymer which gave composites of closest moduli 
(L.G.F.S, Fig. 5.2.20) gave greatest difference in bending stiffness. 
Immediately a difference in deformation mechanism is suggested.
Low Curvature Stiffness
After four cycles a near equilibrium situation is attained and to a first 
approximation the stiffness can then be taken to represent the elastic 
part of the deformation. The absolute value depends on the type and
quantity of polymer used. (Table 5.2.56 and Fig. 5.2.79). The method
of preparation also had a small but predictable effect.
The increase in stiffness with increase in polymer content was not as 
great as with initial stiffness but the same general trends were observed.
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Fig. 5.2.79 Lou curvature stiffness of leather, and of
composites as a function of composition, from 
Dynamic Bending Stiffness tests. (E4)•
Key
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Table 5.2.57
Mean low curvature stiffness of leathers and composites as a function 
of polymer content and direction of bending. (E4).
H-veS * grain up1; - ve = 1 grain down1 in cantilever test.
Full chrome Retan
Polymer 
content 
{ % ) .
+ ve - ve
Polymer
content
( «
+ ve - ve
0
*
3.9
3.05
3.13
2.93
3.03
0
*
3.8
1.89
3.21
1.93
2.95
5.0 4.88 4.43 4.5 4.41 3.87
7.2 5.43 4.94 8.3 5.24 ' 4.63
15.2 5.75 4.98 15.3 6.22 5.80
22.0 6.30 5.55 22.8 6.54 5.87
27.7 7.09 6.30 28,8 7.92 7.21
38.2 8 .44 7.45 38.3 7.89 6.82
38.5 7.92 6.76 42.4 8.59 7.90
Leather
Mean 5.28 5.15 - 5.77 5.22
*
Surfactant only 
l.s.d 5% between + ve and - ve values in a pair c.a 0.17 
l.s.d 5% between -f ve values = 0.175
l.s.d between ~ vevalues = 0.150
Table 5.2.58
Mean residual curvature (cm for retan leather and its composites 
of ten polymers. (E2). Leather value = 0.62 cm \
Polyurethanes Acrylic Solutions Acrylic Emulsions
L1304 = 0.38 
H51 = 0*38
L.G.F.S = 0.70 
Binder 17 = 0.62 
Binder 18 = 0.68
Lankro ES = 0.41 
Binder S3 = 0.42 
LT 76 =' 0.415 
R1/115 = 0.38 
R1/6582 = 0.44
l.s.d 5/6 = 0.03
Retan composites of aqueous polymers were stiffer than full chrome 
although the untreated leathers and L 1304 composites were in the reverse 
order.
The bending symmetry was complex and there is insufficient data available 
to resolve some of the apparent anomqlies. In E2 , where impregnation 
was by curtain coating or dipping, retan composites were stiffest 
T'grain in* but leather from the same experiment was stiffest !grain out*. 
The asymmetry was greatest for dipped specimens and least for those split 
after coating. Whilst the values for composites are completely consistent 
with those of initial stiffness the asymmetry is obviously of a complex 
origin associated partly with the method of impregnation and partly with 
mechanical action, or lack of it, before testing. In the remaining 
experiments, the stiffness was consistently greater 1 grain out1 for 
composites and usually so with untreated leathers although there were a 
few odd specimens of both full chrome and retan with a reversed symmetry. 
(One such specimen accounts for the insignificantly small reversal for 
retan leather in Table 5.2.57). Asymmetry was however increased by 
impregnation and is slightly greater with full chrome composites than 
with retan.
The regularity of low curvature stiffness was greater than that of initial 
stiffness. The ratios of the error variance to mean value were 0.14 and 
0.24 respectively. This presumably reflects a breakdown during the first 
few cycles of localised inhomogeneities in the structure arising possibly 
from micro-structural unevenness of polymer distribution.
The thickness dependence of low curvature stiffness was practically 
identical to that for initial stiffness. (Equations 5.4 - 5.7).
Residual Curvature
Data are given after four cycles. Untreated full chrome leather gave 
lower values than retan. Polyurethane composites had lower residual 
curvature than their parent leather but retan composites were more 
affected by increasing quantity than full chrome. (Table 5.2.58 and
4*
Fig. 5.2.80 ). The acrylic emulsion composites of retan leather also 
had less residual curvature than retan leather (Table 5.2.58) but in 
their full chrome composites even with increasing quantity, Rl/ll5 and 
LT/76 had no effect. In its retan composites, increased LT/76 content
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Fig* 5.2.80 Average residual curvature of leathers, and of 
composites as a function of composition. (E4).
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reduced the residual curvature almost to that of the equivalent full 
chrome based materials. Rl/ll5 had a lesser effect in this respect. 
(Fig. 5.2.80).
The retan composites of aqueous solution polymers had the same residual 
curvature as the leather or a higher value (Table 5.2.58.) and in those 
of L.G.F.S. it increased further with increasing polymer content and 
at about the same rate when retan or full chrome was the base leather. 
(Fig. 5.2.80).
The symmetry of recovery was consistent with that of low curvature 
stiffness. There was less residual curvature when recovery was from 
the direction of greatest low curvature stiffness. In El, with retan 
composites only, this was from ’grain in’ but in all subsequent work it 
was from ’grain out’. There was always a small difference in symmetry 
between full chrome and retan composites but which never achieved 
significance.
5.2.8 In P la n B  Compression o.f Grain Lavers an d . Leather
Two methods were used to attempt to measure directly the stress-strain 
relationship of grain layer composites, one used calibrated rubber strips 
to form a sandwich with leather cemented in between. The stress in the 
leather during relaxation of the strips from an extended position was 
calculated by difference from that in the unrestrained strips. The 
results (not presented here) were reasonable for untreated grain layers 
but in composites serious buckling and debonding from the rubber occurred 
The second method was that of Dawes and Owen^^^ using a thin steel shim 
(0.0125 mm thick) to form a laminate with leather. Again debonding of 
the shim caused buckling.
In plane compression of bulk leather was readily achieved by cementing
it to an extended strong rubber strip which was subsequently allowed to
relax. It then curled but could be flattened by sticking it to a metal
t
plate. . Four such specimens are shown in Fig. 5.2.81* They are of 
bulk retan leather impregnated from the grain surface with LT/76, Rl/ll5 
and L.G.F.S. There is also a control. They were adjacent pieces on
the leather. The wave formation of the impregnated specimens is
qualitatively at least what would be predicted by Timoshenko’s treatment 
of a plate on elastic foundation, stiffer grain layers have longest waves
t overleaf
i a u  m 4- 0 ui mic uubMiny uj i uuc yiai.1 i xcytijL y uiiuci * -U 1 pxcu Its *
compression, seen from above, (b) as in (a) but seen
in sections, (c) by conventional break formation,
bent round a 1.25 cm diameter curve. The specimens
are either unimpregnated or treated with Rl/ll5,
LGFS or LT 76. The specimens for each treatment 
are in vertical register.
No Treatment Rl/ll5 LGFS LT 76
Seen in cross-section
Conventional Break Formation
However, the conventional leather ’break1 of such specimens, shown in 
the lower half of Fig. 5.2.81 is the reverse of this behaviour and
forms the subject of part of the discussion.
The behaviour of the untreated leather is not so clearly related to 
Timoshenko’s treatment. It has larger waves than some of the composites
in both pure compression and in conventional ’break’ formation despite
its lower grain layer modulus.
6.1 The Impregnation Process
The impregnation process itself is complex. When aqueous liquids 
are employed the leather swells, probably because the fibres increase 
in diameter and length. There may also be release of built in stress 
accompanying such wetting. Much of this stress is probably compressive 
since the increase in thickness on wetting is much greater than that in 
area.
From views expressed in the literature it may have been expected that 
such swelling reduces the polymer uptake below that obtained with 
non-swelling impregnants. The evidence is completely the opposite.
At equal solids content, swelling liquids produce composites of about 
1.7 times the polymer content of those prepared from non-swelling 
liquids. (Fig. 5.2.6).
Considering non-swelling liquids, the volume available to them in 
leather of apparent density 0.56 g/cc and fibre density 1.40 g/cc is 
0.6 ml per ml of leather. If the liquid is of solids content (w/v) 
then when the carrier liquid evaporates it will leave behind 0 .6x g of 
solid representing 1.071x % on leather weight. This is somewhat less 
than observed but the thickness values used to calculate the apparent 
density were obtained under a pressure of 350 g/cm and are about 5% 
less than the ’free* thickness needed to calculate the volume accessible 
to the liquid. Taking this into account the expected solid ’add on* 
becomes 1.125x % on leather weight, in excellent agreement with the 
1.14x % found in practice with L 1304, a non-swelling liquid.
It is then quite apparent that with swelling liquids which yield composites 
of about 2 .Ox % polymer content, there must be a considerable increase 
in free volume accompanying the change in external dimensions. The 
precise relationship of free volume to overall volume will depend 
markedly on the arrangement of the fibres as well as on their individual 
changes in dimensions. The accuracy of the measurements of overall 
dimensional changes does not warrant further discussion on the detail of 
how the extra free volume is generated or to what extent fibres bend and 
buckle to accommodate increases in their length.
Fig* 6.2.1 Schematic representation of the likely restrictions 
to fibre movement occurring in a piece of leather.
Stress
Fibre Rotation Fibre Extension
Steric
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The subsequent drying of aqueously impregnated leather does not lead 
to complete recovery of original dimensions (Fig.5.2.11 ) which suggests 
that the polymer either interferes with the recovery process of the 
fibres as they shrink or influences interfibre distances by inter­
spacing. It is possible that polymers penetrate fibres and influence
(ig )
their diameter by a spacing effect. Kinnersly, Marriott and Wicks 
have recently demonstrated that this can happen in drum retannage, with 
emulsion polymers very similar to those used in the present work but 
there are no comparable observations with air dry leather.
6.2 Mechanical Properties of Leathers and Composites - Qualitative 
Considerations
6.2.1 Leathers
Although the tensile stress-strain curves of the two principal leathers 
are so different, those of the fibre bundles tanned in essentially the 
same way as the leathers were practically identical. Since the leathers 
have in general about the same failure strain (40^), which is about twice 
that to be expected of the constituent fibres, there must be substantial 
network rearrangement under tensile stress.
There are no obvious differences in fibre network geometry of the 
unstrained leathers (Fig.A.2.8)and since the fibres are the only load 
bearing elements in leather, the differences in stress required to bring 
the two leathers to the same strain must arise from different stress 
levels in the fibres. In its turn fibre stress will depend on the 
restrictions to movement imposed by neighbouring fibres.
The densely packed network probably results in three kinds of restriction, 
steric, frictional and chemical bonding. They are diagrammatically 
represented in Fig. 6.2.1. The fibre A.B is, on average, inclined at 
an angle 9 to the direction of stress AO. As the leather extends 
A.B will tend to straighten in the direction B.C and rotate about A to 
reduce 9 . In this particular illustration the point A is envisaged
as a loop crossing point of two fibres whose tensions mutually oppose 
each other. This is a major steric restraint which will give rise 
eventually to fibre rupture. Points of fibre division or uniting may 
produce a second type of steric restraint, whilst the adjoining fibres 
along A.B will oppose its straightening. Where these fibres contact 
A.B frictional forces will develop and possibly chemical or polar bonds
Fig. 6.2*2 The relation of the yield strain to the strain at 
the change in Poissonls ratio for full chrome and 
retan leathers*
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will form. The presence of substantial amounts of interfibrillar 
debris or process chemicals could introduce additional restrictions 
to fibre movement.
The extent to which the different modes act will depend on the detailed 
structure of the leather and the particular strain involved. Frictional 
forces are normally long range in that they are very likely to be present 
to a greater or lesser extent at all strains. Polar or chemical bonds 
are, by the same token, short range. Once they have ruptured they are 
unlikely to reform within the time scale of normal experiments. Until 
they are ruptured however they are probably strong enough to produce a 
high fibre strain at a given leather strain and thus a high modulus.
This situation is pertinent to low extensions and such forces are unlikely 
to be strong enough to cause fibre rupture, otherwise leather would not 
attain such high ultimate stress and strain. On the other hand both 
major steric effects and frictional forces could be sufficient to produce 
fibre rupture. The action of the former is apparent from Fig. 6.2.1, 
the latter would require a multiple Capstan* effect, other fibres forming 
the 1 capstans*.
In practice it seems highly probable that fibres will straighten, extend, 
rotate, slip and rupture in every kind of leather. The precise shape of 
stress-strain curve will depend on the frequency of occurrence for each mode
of deformation as a function of strain.
The full chrome and retan leathers used in this work show certainly two 
and possibly three changes of deformation mode during tensile tests. The 
first is a change in the rate of lateral contraction with increasing strain 
at about 6-Q% strain, which is only slightly less than the yield point for 
the same specimens. (Fig. 6.2.2). The second is more tenuous and appears 
as a stabilization of stress relaxation rate at about 10% strain.
(Fig. 5.2.59). It may well be that the yield point, change in contraction 
rate and stabilization of stress relaxation rate all arise from the same 
change in deformation mode and that the small differences in the 
experimentally observed strains at their occurrence result from minor
differences in the leather used in different experiments or, in test piece
dimensions. Certainly the yield point in the 100 mm x 20 mm test pieces 
used for the lateral contraction study occurred at lower strains than in 
the remainder of the work carried out with the 20 mm x 5 mm test piece. 
(Compare Table 5.2.18 and Fig. 6.2.2). The onset of fibre rupture is
clearly the third change. It does not become important in retan 
leather until about 0.75 of the failure strain has been attained but 
in full chrome it must be considered as playing an important role at 
strains above 15^, i.e. about 0.4 of failure strain.
In unstrained full chrome leather the forces between fibres are very
probably strong polar or hydrogen bonds. As they rupture they are 
replaced by frictional forces between sliding fibres. These forces 
increase as network extension causes fibres to *jam*. In retan leather 
frictional forces are probably dominant at all strains, also increasing 
by 1 jamming*.
The evidence for polar or hydrogen bonding between full chrome fibres is:-
(i) In a dry tensile test the initially high modulus decreasing 
with strain suggests a progressive rupture of load bearing
elements or removal of fibre restrictions but is not associated
with fibre rupture detectable by acoustic emission.
(ii) In a wet test the initial modulus is reduced to about one-fifth
2 2 
of the dry state value, 11.4 MM/M against 57.4 MW/fl and^  the stress-
strain curve resembles that of dry retan leather. On redrying the
modulus reverts to its initially high value or even higher
67.5 MM/M2. (Table 5.2.35).
(iii) The similarity of stress relaxation rate between leather and 
fibre bundles suggests that if bonds between fibres are other 
than polar fibre/fibre bonds, the material of the joint has a 
stress relaxation rate remarkably similar to that of the fibres.
(iv) The high permanent set confirms the essentially short range
or non-elastic nature of the forces restraining network movement.
(v) The increase in initial modulus which occurs when the leather
is thoroughly dried, 67.2 MM/M2 against 41.7 MIM/M2, (E13)
suggests a stiffening of bonds or an increase in their number.
The first could occur by loss of plasticizing water within a bond,
the second by removal of lubricating water at a non-bonded contact
point between fibres. The 61% increase in modulus on drying seems
( 73)unlikely to arise from changes in fibre modulus
(vi) The ,(vlullins effect* for full chrome leather (Fig. 5.1.6) 
demonstrates that the bonds do not reform after rupture.
(vii) Dynamic bending produces a decreasing stiffness during the first 
cycle, much like the decreasing tensile modulus. Equilibrium 
is only attained after quite a few cycles suggesting structural 
elements which, although broken down by strain are not easily so. 
Since there is a strain gradient in a bent specimen there will be 
regions either side the neutral axis where strains are below those 
required to produce bond rupture. This region probably provides 
the rather high elastic recovery from bending.
The evidence for frictional forces in retan leather is:-
(i) In a dry tensile test the increasing modulus is typical of a 
fibre network in which fibres straighten slide and then * jam* 
as the network rearranges.
(ii) The *Wullins effect* is less than in full chrome.
(iii) The reduction in initial modulus brought about by wetting
(Table 5.2.35) is relatively small, 11.3 m/?\2 to 4.76 MW/fa2 and
the shape of the curve remains about the same. If there was no 
change in forces between fibres, a 25-30^ reduction in modulus 
would be expected simply because of increased thickness obtained 
by swelling whilst the amount of fibre remains constant.
(iv) Degreasing in solvent did not greatly increase the initial
• modulus. (Table 5.2.35). This is to be expected if an efficient 
fatliquoring has prevented the formation of interfibre bonds and 
if some of that fat is substantive to the fibres.
(v) The combination of low modulus, low stress relaxation rate and 
high permanent set is characteristic of series coupled frictional 
and elastic elements^
(vi) In dynamic bending, the rapid establishment of equilibrium, low
elastic component of the bending stiffness at equilibrium and the 
high residual curvature (Section 5.2.7) again point to series 
coupled frictional and elastic elements.
With both leathers, the lack of any strain rate dependence confirms 
the largely elastic/frictional nature of the network elements. The 
reason for the increasing modulus with decreasing temperature is less 
clear. It may be due to dehydration or stiffening of moisture containing 
fibres and joints. The appearance at low strains of a small ‘hump* in 
the retan stress-strain curve at temperatures of -20°C and less, is 
probably due to weak adhesions formed by freezing of the fat lubricant 
at fibre contact points.
Perhaps the most telling evidence in favour of the proposed structural 
features of the two leathers and their deformation modes is the combination 
of Poisso^s ratio and initial moduli values. Full chrome has the higher 
Poisso^s ratio at strains below about and therefore a higher degree 
of fibre rotation (Fig. 6.2.1) but since it also has a high initial modulus, 
the restrictions on fibre straightening or sliding must also be high.
Retan on the other hand has a low Poisson!s ratio and low modulus. Since 
the low modulus cannot result from extensive fibre rotational movements 
it must result from fibre straightening and sliding. The restrictions 
to these deformations must be small and therefore almost certainly frictional.
At strains above Q%, the rate of lateral contraction is very similar in 
both leathers suggesting similar extents of network deformation. The 
bulk of the evidence that purely frictional forces are responsible for 
fibre restrictions and rupture at post yield point strains lies mostly in 
comparison of leather behaviour with that of composites and is dealt with 
more fully along with composite behaviour. There are however two points
best dealt with now.
(i) Thoroughly dried full chrome leather has a higher secondary modulus
9 9
than when rehumidified, 54.5 Ml\l/M against 43.8 MN/M and a lower
elongation at break, 32.6^ against 40^. The lubricating effect
of moisture in leather at large is well-known, this is simply a
special case. More importantly, uncured and therefore liquid,
L 1304 in thoroughly dry leather had no effect on Ml but reduced
o
M2 to 46.1 MN/M and increased elongation at break to 42.7^.
Such a non-polar liquid could not be expected to penetrate into, 
or plasticize,interfibre bonds of a polar nature and therefore 
exert any influence on Ml. When however the fibres are sliding 
it can be expected to have a lubricating effect thus reducing M2 
and increasing the elongation at break. (Tables 5.2.33 and 34).
(ii) The increased lubrication effects of water in wet tensile
tests and of re-oiling in dry tensile tests (reduced M2 and 
increased elongation at break (Table 5.2.35)),further reinforce 
the proposed frictional interfibre forces at post yield point 
strains.
The magnitude of the frictional forces in the post yield stage probably 
depends exclusively on the nature and quantity of lubricant present.
In these leathers both type and quantity are different according to 
chemical analysis. (Table A.3.3). There is however insufficient 
data for a detailed discussion of this point. In full chrome leather 
the frictional forces are sufficient for fibre rupture to occur at strains 
above about 15% which accounts for the decreasing secondary modulus. 
Assuming that the ultimate tensile stress depends on the number,of fibres 
unruptured at the failure strain, the greater pre-rupture failure of 
fibres in full chrome probably accounts for its tensile strength being 
lower than that of retan.
The stratigraphic differences in leather behaviour have only been studied 
in an indicative fashion. They almost certainly arise from differences 
in fibre fineness and probably from the different hair follicle diameter 
in different layers. They will very probably also be the cause of 
bending asymmetry although there could well be a contribution from built 
in stress which developed during the tannery drying# Stratigraphic 
differences in chemical composition will reinforce the structural effects 
(Table A.3.4).
6.2.2 Composites
The tensile stress-strain curves of full chrome composites are not very 
different in shape from those of the parent leather. Those of retan 
composites are greatly different from those of the leather and much 
closer to those of full chrome leather and composites. The change 
from a low initial modulus in retan leather to a high one in its 
composites suggests the introduction of substantial restrictions on 
fibre movement, probably by bonding together of fibres by polymer.
A similar structure would describe full chrome composites. Before 
exploring in detail the evidence for such a structure, which will almost 
inevitably be complex in its behaviour, consideration is given to the 
evidence against simpler explanations, which, whilst not extensive is 
nevertheless fairly conclusive.
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Fig. 6.2.3 The stress relaxation rate of composites related to 
that of model joints. The leather and composite 
data were taken from E3 at the highest polymer content 
and are averaged over leathers and thickness. The 
data for * joint1 were taken from Ell in the 1 intact* 
section of the extension curve. The data for fibres 
were taken from E10.
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r~
20 40 60
%  Loss OT 30s.-Joint (Rj)-
(i) The initial modulus of retan composites is related to that of 
the polymer by:-
M1 (comp) = 27.Ml (poly) + 44.9 (see Fig. 5.2.20)
2Taking account of air space, a fibre modulus of about 2000 Ml\l/m 
and a composite of about 2Qfa polymer content (polymer S.g = 1.00) 
by weight on the initial leather weight, a simple rule of mixtures 
would give a composite modulus of:-
M1 (comp) = 0.4 x 2000 + 0.112.Ml (poly) + 0.488.Ml (air)
Ml (comp) = 0.122.Ml (poly) + 800
This is so far from the observed situation that the approach has 
not been considered further since even taking detailed account 
of dimensional changes occurring as a result of impregnation, the 
prediction is not markedly better.
(ii) The tensile modulus of individual fibre bundles is not affected
by impregnation with polymer and thus the high composite modulus
cannot be explained in terms of increased fibre modulus. > Although
fibre bending stiffness measurements have not been made it seems
very probable that polymer treatment will increase it, but since
fibre bending is not usually considered as a major contributor to
(119 137)
composite stiffness ’ such fibre stiffening is also unlikely 
to account for composite stiffness.
(iii) Polymer treatment does not increase the extensibility of fibre 
bundles but at low strain rates it can increase composite 
extensibility to a value greater than that of the leather. This 
must be a network effect rather than a fibre effect.
(iv) Composite stress relaxation rate is rather sensitive to polymer 
type and content (Fig. 5.2.58) but that of the fibres is barely 
affected by polymer treatment except when L.G.F.S. is used under 
a particular set of circumstances (Table 5.2.43). On the other 
hand at low strains the relaxation rate of composites is very 
similar to that of model joints of the same polymer (Fig. 6*2.3).
Thus simple considerations based on either a ‘mixture* of polymer
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Fig. 6.2.4 The modulus of model joints related to polymer initial
modulus. The 1 joint* data came from £10. The polymer 
data from table 5.2.8. The lowest strain rate used in 
£10 was equated to the lowest strain rate in table 5.2.8 
knowing that there may be no direct relationship between 
the two but, that both cover a range of three decades 
of strain rate.
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and leather, or on the modification of fibre properties by the 
polymer, can be discounted and more complex models must be sought.
On the other hand the general evidence in favour of a bonded 
fibre structure is considerably stronger.
(i) The polymers used in impregnation will readily bond together 
fibres and even if the polymers are of relatively low modulus, 
the bonds can be strong enough to cause fibre rupture in a 
tensile test.
(ii) Composite initial modulus increases rapidly and linearly with 
polymer initial modulus. (Fig. 5.2.2l).
(iii) The Modulus1 of intact bonded fibres is generally related to 
polymer initial modulus. (Fig. 6.2.4).
(iv) The yield point in the composites is not caused by fibre rupture 
as detected by acoustic emission (Figs. 5.2.48 and 5.2.49) but 
could be explained by the rupture of bonds between fibres.
(v) Compared with the parent leather,.retan composites have an 
increased elastic component of bending stiffness, and a reduction 
in residual curvature in bending and in tension set after linear 
extension. The replacement of frictional interfibre forces
by even visco-elastic polymer bonds would have the observed effect. 
The polymer L.G.F.S. in an exception because it is so viscous that 
it hinders recovery of * elastic* fibre deformations, hence the 
increase in residual curvature with increasing polymer content 
with the composites of this polymer. (Fig. 5.2.80).
(vi) The increase in composite extensibility at low strain rates and 
the delay of the onset of acoustic emission by increased polymer 
content, suggest a lubricant role for the polymer at post yield 
point strains.
The foregoing evidence is not conclusive but provides a useful hypothesis
against which to test the experimental evidence in some detail. The
general hypothesis is that the polar and frictional bonds between the
fibres of leather are replaced by polymer adhesions in the composites.
These bonds fail at strains less than the composite failure strain and 
the polymer is then an interfibrillar material.
The non-aqueous polyurethane L1304 appears to provide additional bonds 
rather than replacing existing ones since in its composites it maintains 
the modulus differential inherent to the leathers (Fig. 5.2.21). 
Furthermore, the uncured polymer has no effect on the initial modulus 
of dessicated full chrome leather (Table 5.2.33) suggesting that it 
does not penetrate existing polar bonded areas. The low modulus of
retan/polyurethane composites, compared with those of similarly stiff 
aqueous impregnants (Fig. 5.2.20) is not so clearly reflected by the 
modulus of model joints (Fig. 6.2.4). This suggests that rather than 
considering the polyurethane composites to have anomalously low.moduli 
for a structure bonded with that polymer, it is the composites of the 
aqueous impregnants which have anomalously high moduli. The reason 
probably lies with the formation of two kinds of bond, one due to the 
polymer adhesions and the other due to wetting and redrying. Wetting 
agents complicate the issue to an uncertain extent. Although they will 
in a sense ease the formation of rewetting bonds, if they are located 
between fibres in the dry composite they may well act as lubricants and 
reduce the strength of such bonds. There is insufficient information 
available to delineate the extent of such effects. It is interesting 
to note the action of the polyethylene oxide surfactant used with Rl/ll5 
(Fig. 5.2.18) which probably forms weak interfibre bonds and gives rise 
to the initially stiff response of the composites.
The dual nature of the bonds in aqueous based composites probably 
accounts for the coincidence of initial moduli of full chrome and retan 
composites over a wide range of polymer content (Fig. 5.2.21) and for 
the extrapolation of retan composite Ml, at !zero! polymer modulus, to a 
value similar to that of full chrome leather (Fig. 5.2.20). The rewetting 
of the two leathers brings them to a similar state of fibre/fibre 
interactions and on redrying similar structures form. They cannot be 
identical since the secondary modulus, tensile strength and acoustic 
emission characteristics are leather dependant, probably because some of 
the original bonded points in full chrome leather are not rewetted during 
impregnation and they remain strong enough to cause fibre rupture at less 
than the composite rupture strain in a dry tensile test. With the
fibre bundle of wet leather (belly region) which has been 
soaked in polymethylmethacrylate emulsion. The fibre 
was dehydrated in alcohol, and then propylene oxide and 
embedded in araldite. Staining was with 10% PTA 
solution. Note the fibrils packed to form fibres. 
Between the fibres, well within the bundle, is the 
polymer. To this scale the single fibre bundle would 
be about 2 m diameter0
Scale bar = 0.1 pm
Fig. 602.6 S.E.M. of a cut surface of a piece of retan leather
corium,heavily treated with Rl/ll5 impregnant polymer, 
which has formed fillets between the fibres. Mag = x40Q.
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exception of these specific sites, the swelling which occurs during
impregnation will allow the polymer access to the contact points between 
fibres making joints much like the model ones used in the experimental 
work. Although direct evidence is lacking for grain layer composites, 
there are two observations which support the view that polymer has access 
to the spaces between fibres.
(i) Recent work unconnected with this thesis^ has demonstrated 
that in wet processed leather, emulsion polymers can penetrate 
to within bundles and locate between fibres (Fig. 6.2.5). It 
seems very probable that in the swollen state relevant to the 
present work, the same will happen to a lesser extent.
(ii) If drops of 40$ solids content emulsions are applied to corium 
specimens of leather used in this work, and allowed to dry, the 
coarse fibre structure is amenable to scanning electron microscopic 
examination (Fig. 6.2.6). There is clear evidence of polymer 
between fibres.
Although in the broad sense the joints in a composite will resemble the 
model joints, their geometry will be more varied. The random network
structure will have fibres inclined to each other at angles ranging from
0 0 "I*
0 (parallel) to 90 (cruciform) (Fig. 6.2.7). Apart from the nature
of the polymer, orientation will govern the bonded length between two
fibres and the dimensions of fillets formed from excess polymer (Fig.6.2.7).
Both the geometry of the bond and its inclination to the direction of
stress will influence the stress in the joint for a given composite strain.
There will be a mixture of deformation modes. In parallel joints and
cruciforms with one arm parallel to the main stress straightforward shear
develops in the bond along with fillet deformation. Other orientations
of parallel joints may involve a peeling failure whilst in cruciforms there
will be a torque at the fibre crossing point and fillet deformation.
At first sight it might appear that, as the composite extends the parallel 
joints rupture first and the *45° cruciform1 last with those of intermediate 
fibre orientation failing at intermediate strains giving a strain dependant 
distribution function of joint failure rate. Such a distribution is 
inevitable but geometry alone does not determine the strain at joint 
failure. In model joints, failure load and failure strain were closely
+ overleaf
Fig. 6.2.7 The types of joint envisaged as forming between 
fibres, and their deformation under stress.
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related, stronger joints attained greater failure strains and this will 
be true in the composites. Thus a parallel* bond, strong because it 
may have a long bonded length, will sustain a greater stress than a 
*weakf cruciform joint and may in consequence remain intact at higher 
composite strains.
Given a distribution of joint failure rate, the interpretation of the 
composite yield point becomes less straightforward. It does not depend 
on fibre rupture and unlike in leather it does not coincide with the change 
in Poisson!s Ratio (Fig. 6 .2 .8) but it does correspond fairly closely 
with the maximum rate of stress relaxation. (Compare yield point data 
in Tables 5.2.19 and 20 and relaxation rate in Fig. 5.2.59). The change 
in Poisson*s ratio (at about 10-12^ composite strain) corresponds 
remarkably closely to the strain at which the stress relaxation 'rate of 
all composites falls to a constant multiple of that in leather 
(Fig. 5.2.61) .
The interpretation is that bonded points in the network begin to fail at 
an unknown low strain. The failure rate rises to a maximum at the yield 
point and then declines. At or about 10-12^ extension, sufficient bonds 
have broken to allow an increase in fibre rotation (change in Poissonfs 
ratio) and possibly there are only very few bonds remaining at this stage 
so that the majority of fibres are sliding as they would be in leather.
The stress relaxation rate then becomes equal to that in leather plus a 
constant value depending on the drag exerted by the particular polymer.
Composites of L1304 differ from those of aqueous polymers only in that 
the yield point and maximum stress relaxation rate occur at a higher strain. . 
There are probably three reasons for this, firstly the greater separation 
of fibres in the bond, secondly the generally higher bond strength leading 
to greater bond extensibility than with aqueous bonds and thirdly the 
absence of secondary bonds precludes a high bond failure rate at low 
strains such as is expected of these weaker bonds.
Although it is associated with a maximum bond failure rate, in general 
the yield strain moves in accordance with the extensibility of model 
joints, provided they remain extensible. Lower temperatures, increasing 
strain rate and stiffer polymers (Tables 5.2.20, 21 and 22) move the 
yield strain to higher values consistent with the observed increase in
Fig* 6.2*9 Schematic illustration of hou a generally curved
fibre can be treated as made up of straight sections, 
until bonded points rupture giving rise to curl 
development*
F
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model joint extensibility with increasing joint strength. There-is 
a concomitant increase in composite initial modulus in each case. The 
case of inextensible bonds is dealt with later.
At composite strains between the yield point and the change in Poisson*s 
ratio* the rupture of joints will allow fibre decrimping, which requires 
rather less stress than bond and fibre extension* Bond rupture could 
be said to introduce fibre curl if it freed straight sections of a fibre 
whose general path was curved (Fig* 6*2*9)* The rather closely packed 
arrangement of fibres will restrict the role played by stress free 
straightening of fibres in reducing the post yield point modulus but it 
might be responsible for the sigmoidal shape of the stress strain curve
observed in a few cases (see section 5.2.3 page 89).
After the change in Poisson!s ratio the extent of network rearrangement 
increases greatly and the polymer can only be acting as a lubricant or 
stress transfer agent at high strains. The delay in onset of acoustic 
emission by polymer presence must be principally a lubricant effect, 
decreasing the strength of major steric restraints. If this were due to 
the replacement of fibre-fibre contacts by fibre-polymer-fibre contacts 
during impregnation then L1304 would not be expected to greatly delay 
the onset of emission* On the contrary it has the greatest effect of all 
polymers in its full chrome composites.
liiith all polymers there appears to be a balance of increased drag due to
increased polymer content in the composites increasing F12 and the extra
high pressure lubrication reducing the effectiveness of certain critical 
restraints. Idith very low polymer content M2 frequently fell below that 
of the leather and in certain cases at very low strain rates composite M2 
decreased with increasing polymer content. In both cases the improved 
lubrication must offset the increased drag.
The increases in elongation at break arising from increased polymer content 
and low strain rate were greatest with Rl/ll5 and L.G.F.S. composites.
Both polymers readily !flow® under tensile stress. In thin films 
surrounding fibres they will have a better lubricating effect than 
conventional oils simply because they probably have higher shear strength 
than an oil film and dry fibre-fibre contact occurs less readily. At 
high strain rates the visco-elastic polymers cannot deform sufficiently
rapidly to lubricate and hence they hinder fibre movement and reduce 
elongation at break.
Increases in composite tensile strength with increasing polymer content 
and in tear strength with increasing polymer extensibility (Fig. 5.2.56) 
very probably result from the same source, better distribution of stress 
amongst the fibres and in the case of tensile tests, reduction in number 
of pre-rupture fibre failures.
The composite behaviour discussed above still involves some uncertainty 
about bond extension under stress. The tensile tests carried out at 
temperatures below Tg should not include such uncertainty and this is 
probably the case since the maximum elongation at break of the composites 
is 25^ at low polymer content, about that of the fibres. There is 
nevertheless a yield point which cannot readily be explained by bond rupture. 
Since it occurs at lower strains than in tests carried out above Tg, two 
causes seem likely, the rupture of polar bonds containing no polymer or the 
failure of very thin brittle fillets between bending fibres. The former 
will probably allow minor fibre decrimping, the latter an increased fibre 
rotation. There are no contraction measurements to confirm this view.
It is further interesting to note that in full chrome composites the rate of 
increase in tensile strength with polymer content is practically independant 
of test temperature (Table 5.2.26) but in retan composites the rate 
increases as temperature falls. Since geometrical arrangements are 
probably very similar in both cases and rupture will involve similar 
numbers of fibres, it seems probable that individual fibre bundles of 
retan composites have been strengthened by the polymer. Although it 
was not detectable at room temperature in either the composites or fibre 
bundles, such strengthening is not inconsistent with a number of other 
observations. Supposing that fibre bundles of full chrome had been 
heavily restuck during original drying and were less accessible to 
impregnant polymer than in the retan case, the difference would scarcely 
show up at room temperature because of the great differences between 
polymer and fibre moduli. The exception is in bending where fibre 
stiffness may matter and in fact, the retan composites at low bending 
strains were stiffer than full chrome for the same polymer content.
(Fig. 5.2.78). In tension the initial moduli were practically identical*
(Fig. 5.2.21). The high stress relaxation rate of retan fibres treated
Fig. 6.2.10 The development of strain amplification as fillets 
increase in size with increasing polymer content 
of a bonded fibre composite structure.
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with L.G.F.S. suggests that in certain cases polymer can penetrate 
fibre bundles and affect their mechanical behaviour (see page 151). 
Accessibility to fibre bundle interior may well account in part for 
the generally greater uptake of polymer by retan leather.
The bulk of the experimental data can be explained satisfactorily by
the hypothesis set out earlier but the discussion so far has largely
m
avoided the role of polyfer content in determining composite behaviour.
The central question must be whether increased polymer content introduces 
more bonded points or stronger bonds. Very probably both occur but 
the circumstantial evidence available is not conclusive.
In a given joint, increased polymer content could increase the bonded 
length or the amount of surrounding polymer. Either would increase the 
bond strength but the former most dramatically. One consequence of 
stronger bonds is a shift of the yield strain to higher values* but as 
the polymer content increases, the yield strain moves first to lower 
values and then becomes constant. (Fig. 5.2.33). This strongly suggests 
more rather than stronger bonds as does the increasing strain rate 
sensitivity of HI with increasing polymer content. (Figs. 5.2.23 and 24). 
The increase in fll with increasing polymer content could arise from either 
more or stronger bonds. On the other hand the response of stress 
relaxation rate (Fig. 5.2.58) is one of diminishing returns* suggesting 
that some of the additional polymer is not greatly strained during 
composite extension. The residual curvature in the bending stiffness curves 
suggests a similar effect. (Fig* 5.2.80)* Perhaps more conclusive is 
the response of elongation at break at temperatures below Tg. At high 
polymer content (>25%) the elongation at break falls to 1.5 - 5% which 
is certainly below that of even impregnated fibres, although data for 
the fibres is scant. This strongly suggests a strain amplification as 
more and more fibre is embedded in polymer and the fillets become bigger 
and thicker. (Fig. 6.2.10).
On the evidence it is not possible to decide at what polymer content 
larger, fillet strengthened*bonds‘begin to form at the expense of an 
increased number of smaller bonds.
6.2.3 Descriptive Summary
Unimpregnated leather is a nearly random fibre network and there can be 
substantial bonding between the fibres probably as a result of hydrogen 
bonds formed during drying. In the absence of such bonds the forces between 
fibres are largely frictional but with a few major steric restraints 
sufficiently strong to induce fibre rupture during leather extension.
The initial modulus of the full chrome leather is high because fibre bonding 
precludes decrimping but causes extension and rotation. The latter is 
accompanied by a Poisson*s ratio much higher than that of retan leather 
in which the interfibre forces are much lower and of frictional origin.
At low strains, fibres of retan leather decrimp and slide with little 
rotation thus producing a low leather modulus. At leather extensions 
of 8-lC$, decrimping in retan and bond rupture in full chrome are 
sufficiently complete to allow greater rotation with a concomitant increase 
in Poisson*s ratio and a yield point in the load extension curve. That 
yield point is not always sharp and has been defined in a particular way 
for the materials used here. There is possibly a second change in mode 
of deformation at about 1276 extension where the stress relaxation rate 
reaches its maximum steady value but the detail of the change is. not known.
At strains above the yield point the forces between fibres are probably 
entirely frictional but by capstan-like effects they can be sufficiently 
high to cause fibre rupture. In full chrome leather this begins at 
about 1576 extension and in retan at 25-3076. The rate of fibre rupture 
increases exponentially up to rupture. The earlier onset in full chrome 
accounts for its decreasing secondary modulus and its tensile strength 
being less than that of retan.
Composites of polyurethanes contain fibre bonding additional to that 
present in the leather and hence maintain the modulus differentials present 
in the leathers. The composites of aqueous polymers contain primary 
polymer bonds and secondary polar bonds caused by redrying after 
impregnation. Since the secondary type were present in full chrome 
leather to start with, their introduction into retan composites reduces 
the modulus differentials present in the leather. Increased polymer 
content probably gives rise at first to more bonded points rather than 
stronger bonds but there is evidence that the bonds then become 
physically larger. It is not clear at what polymer content the change
fibre bundles of retan more than it does into those of full chrome.
The bonded structure has a high initial modulus which is strain rate 
and temperature dependant. Bond rupture probably begins at quite low 
strains and occurs at an increasing rate which reaches a maximum at the 
yield point and then declines until sufficient bonds have broken to allow 
easy fibre rotation and slip. _ This occurs at about 12^ 6 extension with 
a change in Poisson!s ratio and the stabilization of the stress relaxation 
rate relative to that of leather. At higher strains the polymer acts as 
an interfibre lubricant delaying the onset of fibre rupture. The precise 
action is strain dependant. At low rates it is sufficiently good as a 
lubricant to increase composite extensibility to beyond that of the 
parent leather. At higher rates it cannot deform sufficiently rapidly 
to fulfil this role and hinders fibre movement but aids stress transfer 
between fibres. Such stress transfer increases tensile strength and tear 
strength of composites and increased polymer content has a greater effect. 
Ultimate failure is by a mixture of fibre rupture and pull out. The 
proportion of the latter probably increases with increasing polymer 
content and decreasing strain rate.
If the bonds are immobilized by cooling to below the polymer Tg there 
is still a yield point in the network but from different causes than 
with flexible bonds. It is the rupture of secondary bonds and fillets 
of polymer which are the cause. Network extensibility is governed 
practically entirely by fibre extensibility and there is strain 
amplification as the bonded length of a fibre increases.
6.3 Quantitative Considerations
Whilst the descriptive discussion drew on all available experimental 
data, quantitative considerations are limited to those data from specific 
experiments suitable to test the simple numerical models proposed below.
A rather wider data base is available for stress relaxation modelling 
than for tensile stress-strain prediction but this is no more than a 
reflection of the greater complexity of the latter.
6.3;1 Stress Relaxation
Although in a general sense the relaxation rate of leather and composites 
is related to that of single fibres and model joints (Fig. 6.2.3), the
rate for fibres and joints is about 1.5 times that of the leather or
composite. The coarse fibre bundles used for single fibre tests
probably have a greater element of fibril slip, as opposed to molecular
slip, than the finer fibres of the grain layer, which accounts for the
discrepancy in that case. Such an explanation cannot be used for the
model joints which have a very much higher relaxation rate than the
fibres. Thus a simple model based on model joints cannot be used.
On the other hand, in composites of L.G.F.S the stress frequently fell
to or just below that of the parent leather at the same strain. This
suggests that the initial stress in those composites and probably in
others ( 0 "ocomp.) can be considered as comprising two parts, one which
relaxes at about the same rate as the parent leather ( > anc^
remainder at a rate near to that of the model joints or the bulk
polymer ( <J~ )• The separate rates are then given by:-
°P
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where subscripts 1 refers to leather and p to joints. The stress 
in the composite after time t ( comp.) will be given by:
crl comp Pa,
-m,
or
comp “* °l _ Lz„
- m p ...... 6
and the composite stress relaxation rate will be given by:
"com p. xomp. P ■comp
From the experimental data it is possible to test the validity of 
this equation but there are a number of difficulties.
(i) It is necessary to use mean values of the actual (j-^  values
and relaxation rates for composites and leather. Calculation 
of a mean cra presents no problems but a mean relaxation rate 
does. It is a question of whether the rate should be taken 
from the mean of m and z for individual specimens or the m and z 
values calculated from the mean stress values at various times 
for that same group of specimens.
(ii) If equation 6.3.4 is to be tested by prediction of m(comp) and 
z(comp) they must be obtained by calculation of individual 
values of (comp) at various times and then appropriate 
regression analysis on these data. There may be considerable 
discrepancy between actual and calculated values of m and z
but much less serious differences between calculated and real 
~T values. The question is which parameters are to be 
compared in order to judge the validity of the equation?
(iii) That part of the stress attributed to bonds can be considered
to decay at the same rate as the particular polymer, or, as a 
model joint. If the former, at what strain and strain rate 
and if the latter should it be intact or ruptured?
The first two difficulties have been avoided by the following procedure:
(i) Calculate the mean value of (j~ for the appropriate group of 
composites.
(ii) Subtract from O“0 (comp) the average value of ^or 
appropriate test condition, to obtain CT^o
(iii) At each of fourteen times calculate the value of CT“^(comp) 
from the values of n~, n and (j~, calculated from the
1 1 tp
experimental data.
The third difficulty has been examined by choosing different experimental 
data for the calculation of CT^ -p used in making up the theoretical value 
of crt ( comp).
The data from experiment E3 at 5% and lOfo extension were examined by 
forming the three way table Polymer x Quantity x Leather, giving values
for O“0 (comp) averaged over four values of specimen thickness. The
mean value of O “*ol was similarly calculated and CT0p by subtraction.
To calculate the theoretical value of cr^(comp) the rate of relaxation
of rr was set at op
(i) That of the polymer at various strains for the same strain
rate used to test the composite.
(ii) That of intact joints of the polymer.
(iii) That of ruptured joints of the polymer.
(iv) That of a mixture of ruptured and intact joints in the ratio
50/50, 25/75 and 75/75.
The results of these calculations have been examined by considering the 
discrepancy between theoretical and actual values.of CTj. comp expressed 
as a % of the real value. The amount of data is considerable and does 
not merit detailed presentation largely because the discrepancy was not 
very sensitive to some of the changes in the relaxation rate of * CT •
For convenience the values after 30 secs are used in illustration.
‘Intact* joint models always give too high a theoretical value of CTj.^ ,
whilst a ‘ruptured* joint model gave much too low a value. A ‘blend*
of 75/25 ‘intact* to ‘ruptured* joints gave stresses within lUfo of the
real value at both 5% and 10^ strain (data from E3) and frequently within
5%, especially at 5% strain. The principal exceptions were the composites
of L.G.F.S. especially those of retan leather. Their discrepancy was
T
15-20516 (Tables 6.3.1 and 6.3.2) and was generally smaller at 5% than at 
10^ strain.
The use of relaxation data for bulk polymers often gave theoretical stress 
Values which were too high except when the bulk polymer test was carried 
out at 5% strain and at the strain rate used in the composite test.
Under these circumstances the stress discrepancy for L.G.F.S. composites 
is reduced, compared with the ‘joint’ model, and that for the other 
composites is essentially either unaltered or increased.
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Table 6.3.1
The discrepancy between real and calculated stress after 30 secs stress
relaxation for the composites from E3 strained to 5$ at 1.25 min 1
expressed as a percentage of the real stress. Calculated values were
obtained by the method outlined on page . The(-S"-)D values were
O0’
taken as that for polymer fjoints1 (section 5.2. ) or bulk polymer
films and are detailed above the individual tables.
Relaxing elements = Polymer joints 75/25 Intact/Ruptured
Leather Full chrome Retan
Polymer-type L1304 LGFS R1/115 LT/76 L1304 LGFS Rl/115 LT/76
Nominal 3$ +0.53 +14.7 + 1.8 + 1.7 - 3.4 +27.8 + 6.7 + 1.7
Content 6$ -7.7 +14.2 - 9.7 - 1.9 0 - 6.0 + 0.8 - 1.8
12$ -8.3 +11.6 - 5.1 - 3.3 - 3.5 +24.5 + 1.7 + 5.0
18$ -8.5 + 7.1 -10.2 - 4.3 - 1.4 +17.4 + 6.0 - 5.0
Mean
Deviation 6.3 11.9 6.7 2.8 2.1
Relaxing elements = Bulk Polymer at
18.9 3.8
extension
Nominal 3$ +17.0 + 3.7 +11.9 + 3.4
Content 6$ + 6.9 0 +16.0 + 0.4
_ 12$ + 8.0 - 7.6 +16.2 0
18$ + 8.1 -13.7 +19.2 - 2.0
Mean
Deviation 10 6.3 15.8 1.5
3.4
+ 8.4 +12.7 +23.6 + 3.3
+14»8 - 9.9 +25.0 + 1.2
+12.5 + 2.0 +29.6 + 1.0
+16.6 - 9.9 +29.8 - 1.7
13.1 8.6 27.0 1.8
Relaxing elements = Bulk Polymer at 50$ extension
Nominal 3$ +18.2 +11.0 +16.2 +11.9 +11.8 +24.0 +24.7 +14.4
Content 6$ + 8.6 + 9.5 +23.7 +14.8 +17.2 + 3.3 +33.3 +16.7
12$ +10.3 + 5.8 +26.8 +16.9 +14.2 +17.3 +37.4 +22.8
18$ +10.5 0 +27.4 +15.5 +17.9 + 8.3 +33.0 +20*0
Mean
Deviation 11.9 6.6 23-5 14.8 15.3 13.2 32.1 18.5
Table 6.3.2
The discrepancy between real and calculated stress after 30 secs stress
-1relaxation for the composites from E3 strained to 10% at 1.25 min 
expressed as a percentage of the real stress. Calculated values were 
obtained by the method outlined on page ,C7r'The(-t-)p values were 
taken as that for polymer ’joints* (section 5.2. ) or bulk polymer
films and are detailed above the individual tables.
Relaxing elements = Polymer joints 75/25 Intact/Ruptured
Leather Full chrome Retan
Polymer-type L1304 LGFS =11/115 LT/76 L1304 LGFS R1/115 LT/76
Nominal 8%0 + 0.4 +23.4 - 1.2 + 3.7 - 4.0 +31.7 +14.2 + 2.7
Content 6% - 4.9 +21.5 + 7.0 - 2.2 - 0.9 0 + 2.7 + 2.1
12% - 7.3 +14.5 - 5.2 0 - 4.0 +32.2 +11-.6 + 6.7
18% - 6.9 + 9.9 + 2.6 - 2.4 - 4.0 +28 • 8 + 2.2 + 1.5
Mean
Deviation 4.9 15.3 4.0 2.1
CM•to 23.1 7.7 3.3
Relaxing elements = Bulk Polymer at 5%> extension
Nominal 8% + 7.1 +19.6 + 8.8 + 4.1 + 8.8 +22.2 +2 2.*4 + 3.8
Content 6%> + 7.9 + 9.3 +21.1 - 0.6 +10.8 - 3.3 +24.3 + 3.3
12% + 9.0 + 2.0 +18.3 + 1.9 +17.1 +22.2 +32.6 + 1.5
18% + 7.9 - 6.5 +21.0 - 0.4 +14.5 +29.4 +32.6 + 0.5
Mean
Deviation
o
 • •
CO 9.4 17.3 1.8 12.8 19.3 28.0 2.3
Relaxing elements = Bulk Polymer at 5U% extension
Nominal 3% + 6.7 +20.6 +10.0 + 8.9. + 9.7 +24.6 +22.4 + 8 .1 -
Content 6% + 8.7 +12.6 +23.4 + 6.0 +12.8 + 2.8 +27.0 +11.3
12% +10.2 + 2.4 +21.6 +10.7 +18.4 +28.1 +37.2 +12.5
18% + 9.2 - 1.9 +23.6 + 9.2 +15.8 +10.6 +36.6 +12.1
Mean
Deviation 8.7 9.4 19.7 ' 8.7 14.2 16.3 30.8 11.0
Despite the empirical nature of the calculations, the end result does 
not conflict with the general hypothesis of the composite structure 
containing bonded fibres. The failure with L.G.F.S. composites probably 
arises from the increased relaxation rate of the fibres treated with 
that polymer. The majority of the fibre in a model joint has never 
contacted the polymer liquid and therefore the joint relaxation rate does 
not contain any element of this enhanced fibre relaxation. That the 
discrepancy decreases with increased polymer content is probably a 
reflection of the increased number of bonds formed as opposed to increased 
fibre modification.
The actual ’blend* of ’joint’ behaviour required to achieve reasonable 
theoretical agreement is probably of no real significance in a detailed 
structural sense because in the tangled, close packed structure,of 
leather, ruptured joints in particular, can be expected to relax at a 
different rate from a ’free state’ model joint which has ruptured.
The data obtained in experiment E7 were examined by similar calculations 
and similar conclusions were drawn. Despite the greater range of initial 
strain used in this work, the model was not sufficiently sensitive to 
illustrate the proposed increase in the number of ruptured bonds' occurring 
at increasing strain. A single ’blend’ of joint behaviour appeared to 
fit data obtained at 2.5^ and 28% strain.
6.3.2 Tensile Stress-Strain Curves
Descriptively, Hearle’s treatment of non-wovens looks attractive as a 
starting point. The appropriate equations used to calculate the composite 
stress at any particular strain are given in section 2.4.4. They require 
the strain dependant function of Poisson’s ratio recorded in experiment E15 
and thus comparison of theory with reality is limited to those twelve 
specimens for which the appropriate data are available and up to a maximum 
strain of 25^. Since the strain rate in E15 was low, the results may 
be of less than general applicability because of the strain rate dependant 
changes in deformation mechanism proposed earlier. This is probably the 
least serious of the limitations since the general shape of the stress- 
strain curve does not change greatly with strain rate. Other assumptions 
made in the calculations may give rise to greater errors.
Fiq> 6.3.1 The area of intersection of a small segmental cone (d8) 
uith unit area lying perpendicular to the stress axis.
St ress
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The general method of calculation involves four stages:
(i) Calculate the number of fibres crossing unit area of a plane
perpendicular to the stress axis and encompassed by a small 
elemental segment between 9 and 9 + d9 where 0 is the angle of 
inclination to the stress axis. (Fig. 6.3.1).
(ii) Calculate the strain in the fibres within that elemental
segment as a function of composite strain.
(iii) Calculate the total fibre stress in the segment from the fibre
strain, fibre modulus product, assuming a linear stress-strain
response for the fibre.
(iv) Sum all elemental fibre stresses over the angular range 0° to 90° 
to obtain the total stress in the composite, per unit cross- 
sectional area.
If the fibre strain becomes negative then the stress in that fibre is 
excluded from the summation (step (iv)) since it does not contribute to 
the extensional stress in the composite.
In the calculations to be discussed the summation has been carried out 
numerically by assigning to 9 values from 2.5° to 87.5° in steps of 5° 
and taking 9 as the midpoint of a 5° segment. The stress levels in
each segment were calculated as follows.
Assume a random three dimensional network of fibres. The number of fibres 
crossing unit area perpendicular to the stress axis and inclined to it 
at 8 , is n-Sin0 .d8 ^59  ^ where n is the total number of fibres in unit volume
of the network. The number in a 5° segment is given by
r-8 + 2.5
n.SinG.dB =
9 - 2.5
Cos(0-2.5) - Cos(0+2.5)
The experimental determination of n is a formidable task for a leather
network but it is convenient to replace n by the total cross-sectional
Aarea of fibres which intersects unit plane. This is given by —  where 
A = Apparent Density of leather and R = Real Density of the fibres
Although the apparent density of the composites depends on the polymer 
content, it is inappropriate to use the composite density for the 
present calculation. The value required is that of the leather.
This in itself must introduce a small error when aqueous composites are 
concerned because of the permanent volume increase occurring as a result 
of impregnation. At most the fibre area (and hence the stress) will be 
Itffo greater than the actual value. (Fig. 5.2.11).
Calculation of fibre strain involves the measured value of Poisson*s ratio
and assumes that it has the same value in all directions, equal to the 
measured lateral contraction. This will not be true if the thickness 
increases during a test and there are indications that it might.
(Section 5.2.3 page 123). The use of the larger Contraction1 value 
will then give too low a fibre strain than actually occurs and consequently 
too low a composite stress. There is no way of assessing the magnitude 
of the error of this assumption from the present data.
The modulus of fibre bundles has been measured at about 2000 MN/m but the
diameter of grain layer fibres may be 5 to 10 times less than that of
these bundles. Thinner fibres are known to be stiffer so that again 
this assumption will lead to too low a stress. Additionally, especially 
in the composites, the fibres may not be rigidly fixed by the polymer 
bonds and the effective modulus of a bonded fibre could be substantially 
less than that of a fixed fibre.
The actual stress-strain curves for the specimens used in Poisson!s ratio 
measurements, together with the theoretical curves developed from various
1"
calculations are discussed separately below and illustrated in Figs. 6.3.2 
+
and 6.3.3.
2
Simple Model - Assuming straight fibres of modulus 2000 FIN/m firmly fixed 
at their ends, the ratio of real to apparent density equal to 0.56/1.40 
and the value of Poisson!s ratio taken from Table 5.2.27, the calculated 
curve was initially straight and then it kinked to a different slope as 
PoissonC ratio changed. The modulus was in general much too high 
except for the retan composite of LT 76 at low strains, i.e. about 
1-2^ when the agreement with actual modulus was quite excellent.
It is interesting that this particular polymer was capable of giving 
strong model joints with a modulus almost equal to that of the fibres.
In its retan composites it is probable that the 1 fixed fibre* assumption
t
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reamer ana composites. ine 'simple1 moaei calculation used a 
fibre modulus of 2000 MN/m • The 'VFN1 model curves were calculated 
using an initial M value of 1000 MN/rr/, decreasing as in Fig. 6.3.4. 
In the case of the LT 76 composite an addition line is shown for 
which the initial Mf value was 2000 MN/m also decreasing at the 
rate shown in Fig. fa.3.4.
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retan leather and composites. The ‘simple1 model 
calculation used a fibre modulus of 2000 MN/m • The 
‘l/FM* model calculations used initial fibre moduli as 
follows: Leather 250 MN/m increasing as in Fig. 6.3.4;
Composites of L1304, L.G.F.S and Rl/ll5, 1000 m / m 2 2 
decreasing as in Fig. 6.3.4; LT 76 composite, 2000 MN/m , 
decreasing at the same rate as shown in Fig. 6.3.4.
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There is no obvious reason why the same is not true of the full chrome
2composite, in fact, at 0o5%, the theoretical stress uas 0.87 MN/m as 
2
against 0.67 MN/m 0 This is quite tolerable agreement.
(139)
The general shortcomings of the model were also encountered by Hearle 
who used the concept of a limiting stress in the fibre to reduce the 
calculated modulus0 Whilst this may be useful at low strains, it 
clearly cannot hold over the entire strain range up to 25% else a plateau 
region of stress is predictedo To overcome this latter difficulty, which 
is peculiar to leather, a new concept has been introduced, that of a 
variable effective fibre modulus.
Variable Effective Modulus Model - If instead of assuming a fibre fixed 
at both ends, it is taken that one of the ’fixing1 points can be extensible 
and even rupture, then the effective fibre modulus is given by the stress 
in the fibre, at any composite extension, divided by the distance the end B 
(in fig0 6.3d) has moved away from the origin A (in figo 6030l)0 If ’A’ 
is a polymer bonded point, initially the effective fibre modulus will be 
high, and may approach that of the fibre, but it will fall as the joint 
extends and finally ruptures. There will be a continued decline in the 
’apparent’ modulus until entanglements restrict sliding when either the 
rate of decline is reduced, or a constant value is obtained or the value 
increases. It is envisaged that the rate of change will be slow at first 
increasing to a maximum and then declining again to a constant value.
This can be represented by a Ueibull distribution function of the form
F(x) = 1 - exp (-xC)
where c = 3
For the present purposes it has been modified to the form
Mf = Mf (A - B (l - exp)- KE3))
where A, B and K are scaling factors and E = composite strain (as a
fraction)o For full chrome leather and all composites, including those
of retan leather, the values of these constants were, A = 1.0, B = -0.5,
K = 8. For retan leather, A = 0.25, B = +0.5 and K = 8. The fibre
2 2
or joint modulus M^ was set at 2000 MN/m or 1000 MN/m , representing 
either fibres or joints of stiff polymers, or joints of soft polymers 
respectively.
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Fig. 6.3.4 Examples of the Ueibull distribution functions used 
to describe the strain dependance of the effective 
fibre modulus in leathers and composites.
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Combining this strain dependant modulus with the simple model produced 
a remarkably close fit for the two leathers with a ’hump* in the retan 
curve at about 20^ strain and a ’hollow* in the full chrome curve at the 
same strain. For retan leather, the best fit was achieved when Flf
O O
started at 250 MN/m and rose to 750 Fi!\l/m at 25% extension. In full
o o
chrome the fit was best when it fell from 1000 FIN/m to 500 MN/m at 25% 
extension® Clearly the ’hump* and ’hollow* are shortcomings of the , 
Ueibull distribution at high strains. The shortcoming in full chrome is 
probably greater than it appears because, if allowance was made for fibre 
rupture occurring at strains above 15^, the theoretical stress would be even 
less® This is not so for retan® At low strains it must be a good 
representation of the truth since the change of Poisson’s ratio does not 
produce a discontinuity in the theoretical curve. The low starting 
modulus in full chrome leather suggests that polar bonds may in fact
be very short range ones which rupture to be replaced by frictional ones
of similar magnitude (as already proposed)®
As a starting point for the composites, the same function was used as 
for full chrome leathero The curves were much nearer to the actual ones 
than were those of the simple model but the initial decreasing modulus 
region extended to too high a strain and thereafter a sigmoidal shape 
developedo It is however worth noting that this sigmoidal shape was 
actually present in the curves of retan composites of L.G.FoS and 
Rl/ll5o (E14)® It had occasionally been noted in other experiments.
The theoretical curve for the LT 76 composites was calculated with an
r \  o
initial Fl^  of 2000 Fll\l/m falling to 1000 Fll\l/m • Uhilst satisfactory
at strains up to about 2.5^ for retan and up to about 1%> for full chrome,
it gave much too high a stress at higher strainso The 1000 Fll\l/m starting 
point gave too low an initial value for retan but was much better for 
full chrome.
A number of variants on the Ueibull distribution function have been 
examined with different K values but none showed any marked improvement 
over the one illustrated already.
As a second stage in the refinement the influence of fibre curl was 
considered®
Including Fibre Curl (c) - It has been mentioned that the rupture of 
certain bonds could lead to a segment of a fibre whose path is curved 
being free to straighten without stress. Unlike non-woven textiles 
there is no justification for assuming any initial curl in the fibres.
Indeed even at higher extensions, the density of fibre packing will not 
allow any great degree of such stress free movement.
Given that a situation can develop in which some small movement of 
segments of fibre can occur with little or no stress, the process seems 
likely to be another strain dependant feature. Descriptively, at least, 
it does not seem likely to be a frequent occurrence at low strains when 
there are many bonded points restricting fibre movement. As these 
bonds rupture it becomes more and more likely, probably reaching a 
maximum occurrence rather rapidly just before the change in Poisson’s 
ratio* The new ’rotational* freedom associated with that change probably 
stops more stress free movement and the incidence rate falls, probably 
less rapidly than it grew, as extension removes the sites available for 
its occurrence.
Mathematical interpretation of this situation is extremly difficult since 
it will involve a knowledge of the number of curled fibres at any strain 
and the precise distribution function of those curl values. Furthermore, 
it would be. necessary to calculate the stress increment for small increments 
of composite strain assuming that the curl factor distribution does not 
change until the new strain is attained, and then changes instantaneously. The 
present state of the model does not justify such sophistication. A simple 
approach has been used. A distribution function has been selected to 
represent the mean curl factor as a function of composite strain.
Including the appropriate value of C in the equation to calculate the 
fibre strain is equivalent to assuming that part of the stress developed 
in the absence of curl at that composite strain is relieved by curl in 
the fibres. The inclusion of such curl in no way affects the ’decreasing 
modulus* of extended fibres moving under stress.
The *log normal* function was chosen to represent the composite strain 
dependance of the ’mean curl’ because both the peak value and peak 
position (with respect to strain) could be controlled easily.
Fig. 6.3.5 The strain dependance of fibre curl calculated from 
the modified log normal distribution function.
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The general form is:
F(X) = ---- 3----  exp l°9 (x/n)2
x o *  (2n  )2 2c r  2
The form used to calculate C was 
C = 1 + 10n. F(x)
The value of x uas expressed as a function of composite strain to set 
the strain at uhich curl first developed and the strain at the maximum 
value:-
X = (E - E3)/(E2 - E3)
With E^ set at 0.01 and E2 at 0.15, curl begun to develop at 1$,extension 
and the maximum occurred at 12.5$. M and G~ were set at 1.1 and 0.6 
respectively for the best results overall. The values of E^ and E^ 
were chosen on the basis outlined above, M and CT were found by trial and 
error to give the best fit. The factor 10n uas a scaling factor uith 
n set at -1.7. The maximum C value obtained uas about 1.014. (Fig* 6.3.5). 
Such a small average curl factor seems quite plausible even in the tightly 
packed fibre netuork. For example it could be interpreted that' 10$ of 
the fibres have 1$ curl and the remainder are straight. The effect of 
its introduction is quite dramatic. In most cases the predicted curve 
shape is very close to the actual value and quantitatively acceptably close. 
The Rl/ll5 composites shou the greatest deviations. The initial section 
of the curve is too steep and extends to a higher strain than in practice.
In the retan composite the change to the sigmoidal shape is rather too 
sharp probably because of the associated large change in Poissonfs ratio. 
Again, the LT 76 composite of retan is better fitted by the 2000 MN/m 
starting modulus version uhilst the full chrome composite required the 
1000 MPd/m start* The use of the compound model improved the fit to the 
retan leather curve, but not for full chrome. Only the former case is- 
illustrated in fig. 6.3.3.
It must be stressed that although this complex model gives predicted 
stress-strain curves uhich are in remarkable agreement uith the real ones, 
it must not be considered as necessarily a correct model. The introduction 
of the tuo functions for decreasing modulus and changing curl factor uas 
based on purely descriptive argument and the numerical values of the 
constants uere chosen partly by trial and error to obtain the best 
calculated lines. With so many constants under the users control it
plotted against the initial modulus (tensile test) and 
initial stiffness (Dynamic Bending test) of 0.5 mm 
grain layer composites of the same polymers and leathers. 
(E2).
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Fig. 6.4.2 The change in break of the leathers referred to in 
fig. 6,4.1 (after rolling grain inwards to degrade 
the break), plotted against the same stiffness 
parameters as in 6.4.1.
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obtained. On the other hand, the utility of the same set of constants 
in fitting seven of the eight composite curves so closely, provides a 
strong base for further investigations specifically aimed at verifying 
the validity of the assumptions. The experimental difficulties will 
nevertheless be considerable.
Leather Break
The implication in the literature, that break improves uith increasing 
grain layer stiffness, is strongly borne out by the present uork.
The comparisons used uere the initial moduli or initial bending stiffness 
of composites from E2 and the break of the corresponding leather taken 
from Table XI reference 21. (Fig. 6.4.1). The break uas measured 
at a relatively large radius of curvature uhilst rolling the leather 
grain innermost to small radius of curvature degraded the break'.
Stiffest grain layers give rise to greatest change of break. (Fig. 6.4.2).
Although the untreated leather and the LT/76 impregnated version lie 
at extremes of behaviour, the majority of impregnant treatments tend to 
cluster in area of modest break improvement and moderate loss of 
appearance after mechanical damage. This is probably a consequence of 
commercial empirical development of impregnants since there is no obvious 
formal record in the literature of such considerations.
t “i
On a more restricted scale, the observations made during in plane 
compression studies suggest that the buckling occurring uhen a small 
radius curve is formed, is akin to the simple * in plane1 compression 
case, whereas at the larger radius used to measure break conventionally, 
a different set of criteria apply. It is uorth considering these two 
sets of conditions in more detail in relation to equation 2.1,
(Timoshenkols analysis).
The derivation of equation 2.1 assumes an initially straight bar.
Break formation utilizes a curved surface which buckles. It is
probably the bending which provides the apparently anomalous behaviour.
Suppose that the neutral axis of unimpregnated leather lies at N 
f
(Fig. 6.4.3), then the maximum thickness of the Tbeam* which can buckle 
is t, assuming that buckling occurring in the compressed zone cannot 
be transmitted to the extended zone. Now, if impregnation greatly
t
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Fig. 6.4.3 Schematic representation of * break* development and
the shift in the neutral axis towards the grain surface 
arising from impregnation, when leather is bent to a 
low curvature and fine break forms.
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Fig. 6.4.4 The shift of the neutral axis away from the grain 
layer as the leather is bent to high curvature and 
the modulus of the flesh layer increases with 
increasing extension forming coarse 1 break*.
*new assembly1 will be at l\! , much nearer to the inner surface. There 
will be a number of consequences of this change. Assuming that the 
impregnant penetrates at least to [\! and that it increases both axial and 
transverse moduli, then the new buckled plate will be thinner than the 
original, (reduced I,) but of increased modulus E. It will effectively 
be mounted on 1 foundations* of an impregnated fibre network and therefore 
probably of increased transverse modulus compared with the original.
Thus the changes in E and I are unlikely to be independant of each other, 
although the value of 1 (the length of the bar) is probably determined 
by the nature of the test and can be taken as constant.
There is then, qualitative sense in the observed relationship between 
stiffer leather and better break. Reductions in I and increases in p 
probably outweigh the increase in E. Additionally, with the stiffest 
grain layers there is the possibility that the compressive strain imposed 
at low leather curvature is insufficient to exceed the critical buckling 
stress. The result can be a smooth curved surface which is usually 
considered as good break rather than infinitely bad# At high curvature 
the position becomes more complex. For many bulk leathers the stress- 
strain curve in tension exhibits an increasing modulus. If the. flesh 
layer FF (Fig. 6.4.3) behaves in such a manner, then at high curvature 
(Fig. 6.4.4) the increase in modulus of this layer could conceivably effect 
a shift in the position of the neutral axis away from the grain surface, 
which counteracts the effect of impregnation. The commensurate increase 
in I (proportional to t ) could be sufficient to reduce 1*1 to a low value 
and give a badly degraded appearance.
The foregoing tacitly assumes that *break* patterns can be treated as 
simple sine waves. This is only true to a first approximation when 
large amplitude waves have formed, but it is probably more nearly true 
when the grain layer first buckles to form low amplitude waves. As wave 
amplitude increases a secondary buckling often occurs in the * valleys*, 
with a higher frequency, lower amplitude than the main wave. It seems 
likely that a *thin layer* of the grain layer can again be considered as 
another beam on a somewhat different set of foundations. The compressive 
strain developed on the inside of the * valley* provides the necessary 
buckling conditions.
Clearly a much more detailed knowledge of the stratigraphic changes in 
mechanical properties of leather is needed before any formal analysis of 
* break* can be attempted.
7. CONCLUSIONS
This section reviews the main conclusions drawn from the work, most 
of which have been introduced during the discussion section but some 
of the more general ones appear for the first time.
Impregnation both ’fills* the grain layer and bonds together the 
fibres. The filling is reflected by the increase in apparent density 
despite the accompanying dimensional changes that occur when aqueous 
impregnants are used. The filling aspect is of considerable 
importance to the leather finisher since it will reduce the absorption 
of surface coating liquids and improve finish *hold up*. The 
uniformity of appearance is thereby improved in part at least.
Thus far the * filling* theory is vindicated. Judged by apparent 
density data, polyurethanes should be slightly better ’fillers*' than 
aqueous acrylic polymers since they yield a higher density grain layer. 
This aspect does not appear to have received any significant attention 
in the literature.
The fibre bonding aspect is responsible for the changes in mechanical 
properties of the grain layer. Unimpregnated isolated bovine grain 
layers exhibit a considerable range of tensile stress response 
characteristics. The precise shape of the stress-strain curve is 
principally dependant on the forces between fibres. These can be either 
frictional or polar. The former arise as fibres sliding over each 
other and their magnitude probably depends on the oil used as lubricant. 
The high pressure developed between fibres when they jam probably breaks 
down the lubricant layer giving dry fibre-fibre contacts strong enough 
to allow fibre rupture by a capstan effect. The polar forces arise 
from fibre interactions during drying and they can be substantially 
reduced by the presence of water. They predominate in the full chrome 
leather used in this work whilst in the retan, frictional forces are 
most important. The mechanical properties of leather composites are 
dependant on the mechanical properties of both leather and polymer but 
the relationship is not simple and is strain dependant. The principal 
role of the polymer is to form fibre-polymer-fibre bonds although there 
is some evidence that it can penetrate to within fibre bundles thereby
modifying their stress relaxation behaviour. Aqueous impregnants 
form a secondary fibre-fibre bond as a result of rewetting and drying.
They are probably polar or hydrogen bonds and are responsible for the 
great similarity in initial modulus of composites prepared from leathers 
of very different initial moduli. The absence of secondary bonds in 
polyurethane composites preserves the inherent modulus differences of 
the leather.
Commercially this aspect of polyurethane impregnants appears to have been 
completely overlooked. It becomes important in minimizing the stiffening 
of softer leathers which need to be impregnated for the sake of appearance. 
There is a second aspect, polyurethane impregnants are specifically used 
to give emboss retention of leather which gets wet in service. The 
impregnated leather is embossed before the polymer cures. Aqueous 
impregnants do not give the same level of retention partly because of 
the higher water sensitivity of the polymer but also because the secondary 
bonds, which must play some part in initial emboss acceptance,are largely 
destroyed by rewetting. The important conclusion lies in the futility 
of seeking higher water resistance in the polymer when the secondary 
bonds are present.
The recognition of secondary bonds provides a rational basis for a number 
of observations which hitherto did not have a convincing explanation.
(i) Uater/surfactant mixtures which stiffen leather almost as 
much as a soft polymer containing impregnant. (Prentiss and 
Lowell, Ref. 35).
(ii) The higher efficiency of acrylic impregnants in improving 
break compared with polyurethanes. (Assuming that, for a 
given leather a stiffer grain'layer means better break, then 
for a given offer of polymers of the same stiffness, the acrylic 
will give a stiffer grain layer). (Landmann and Thompson,
Ref. 14).
(iii) The suggested explanation of Charkraborty*s observed drying 
rate dependance of impregnated leather stiffness and break.
(See section 2.1.3).
The tensile properties of leather are practically independant of 
strain rate. Polymer bonding of fibres introduces a strain rate 
dependance of initial modulus and this depandances increases with 
increasing polymer content which increase both the strength and number 
of bonds formed, although the precise extent to which each occurs is 
not clear.
Uith composite extension both primary and secondary bonds rupture 
progressively. At the yield strain the failure rate is at a maximum 
and corresponds to a maximum in stress relaxation rate but not to a
change in Poisson’s ratio except where a very soft polymer was used.
It is at 10-12$ extension that Poisson’s ratio changes, corresponding 
to a second change in stress relaxation behaviour when the ratio of 
composite to leather relaxed modulus (4 mins) becomes constant. The 
cause is probably the failure of the remaining fibre bonds. In 
polyurethane composites the absence of secondary bonds moves the yield 
point to a higher strain where it is nearly coincident with the 
maximum relaxation rate, the change in Poisson!s ratio and the
stabilization of the leather/composite relaxed modulus ratio.
The polymer from ruptured joints can help or hinder fibre network 
re-arrangement at strains greater than 12$, depending on the strain rate. 
At high strain rates the polymer is a hindrance and with increasing 
polymer content the composite secondary modulus increases along with 
tensile strength whilst elongation at break decreases. At low strain 
rates the softer polymers act as lubricants between fibres. In those 
cases the secondary modulus decreases with increased polymer content and 
can fall below that of the parent leather, whilst elongation at break 
increases greatly. Tensile strength still increases with increased 
polymer content because of reduced pre-rupture fibre failures and 
improved stress transfer between fibres. The apparently anomalous 
behaviour of some leathers in lastometer and double bend tests is wholly 
reconciled by the results of the work reported here as a strain rate 
dependant phenomenon.
Identification of the precise strains at which the various changes in 
deformation mechanism occur would require elaborate simultaneous 
measurements of Poisson contractions and acoustic emission during tensile 
tests and possibly during stress relaxation studies. Both strain rate 
and polymer content dependance would be important. This would be a
major undertaking because of the difficulties in making accurate 
contraction measurements in two directions and acoustic emission 
measurements at high strain rates. On the other hand studies of these 
features at temperatures belou the polymer Tg, using relatively low 
strain rates, could provide useful data about the distribution of fibre 
lengths between bonded points as a function of polymer content and of 
the role of joint deformation in room temperature tests. Again a major 
programme would be required.
The simple model devised to explain composite stress relaxation behaviour 
has the merit that, given the stress relaxation rate of the polymer and 
leather separately, the stress relaxation rate of a range of composites 
can be predicted, to a first approximation at least, over the strain 
range 0-25$ from the tensile stress-strain curve of leather and'composite. 
There is, no need to assume any detailed mechanism of relaxation. However, 
better agreement with practice is obtained if the relaxation rate of model 
joints is measured in both stages of their breakdown and used in place 
of. bulk polymer data. Even this is still somewhat artificial because the 
relaxation rate of model joints in the two states, especially post rupture, 
is unlikely to be closely followed in the dense network structure of a 
composite. Consequently the model is insufficiently sensitive to predict 
the strain dependant changes in deformation mechanism deduced from the 
other data.
The tensile stress-strain relationships of leather and composites, 
up to 25$ strain, require a complex model for their explanation. A simple 
rule of mixtures is so far from the truth as to be unworthy of further 
consideration. In a number of cases however, particularly with the 
composites of stiff polymers or full chrome leather, the curve up to 
1-2$ strain is predicted well by a simple random bonded network model 
allowing for fibre rotation. At higher strains-the predicted stress is 
too high. To obtain a good fit over the strain range 0-25$ it is 
necessary to introduce two concepts, that of a strain dependant ^effective 
fibre modulus^ and a strain dependant amount of stress free fibre extension 
by decrimping. The first is simply a more refined version of Hearle’s 
concept of a limiting fibre stress which is clearly not applicable to 
leather and its composites which fail by fibre rupture. The second is 
also a modification of Hearle’s concepts of non-woven textile deformation.
Although there is as yet no direct evidence for the validity of the 
functions chosen to describe these two features, the general success of
the predictions for eight composites using the same set of functional 
constants, except for initial effective modulus, suggests that they 
may have more than an empirical basis. Untreated leather uhich had an 
increasing modulus uith increasing strain,required a different function for 
effective fibre modulus than either the leather uith a decreasing modulus 
or any of the composites. The main weakness of the approach is the 
inability to deal with the effect of increasing polymer content. It would 
need yet another extensive programme of work, especially at sub Tg 
temperatures to establish the changes in functional constants associated 
uith polymer content and to verify the validity of the distribution 
function chosen on other than empirical grounds.
It is clear that using conventional judgements of 1 break* on the leather 
used in this work, the stiffest grain layers produced finest *break*.
This is wholly consistent with literature observations on bulk leather 
but contrary to the requirements of a beam, buckling whilst attached to 
<■ elastic foundations. Simple in plane compression gives precisely the 
opposite result,which is consistent uith beam buckling theory^at least 
in a qualitative sense. The bending action used to generate conventional 
break is almost certainly the cause of the apparently anomalous.situation. 
Shifts in the location of the neutral axis consequent upon non-linear 
stress-strain behaviour of various layers of the leather structure are 
probably the main factors involved.
By and large the action of impregnant polymers has been satisfactorily 
explained in a manner consistent with both the experimental data 
obtained on isolated grain layers and the largely empirical observations 
recorded in the literature on impregnated leather.
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APPENDIX I
A TECHNICAL DESCRIPTION OF LEATHER
Leather is defined as ’A hide or skin, with the original fibre 
structure essentially intact, uhich has been so treated as to render 
it imputrescible even after reuetting1. Such skins are essentially 
collagenous and uill putrify. Dehydration, by air drying, salt 
treatment or uith uater miscible solvent, uill arrest the degradation 
process but on reuetting it uill recommence. A more permanent 
stability is achieved by tanning uhen skins are treated in the uet 
state uith either reactive organic compounds or polyvalent metal ions.
The former are of greatest historical importance uhen polyphenolic 
extracts of barks, nuts, roots or wood uere used for tanning and smoke 
curing involved aldehyde tannage. More recently simple aldehydes or 
methylol containing moieties have been used as organic tannages. By 
far the majority of leather is tanned uith metal ions. Principally 
basic salts of trivalent chromium are used and the resultant wet, tanned, 
skin has a strong blue colour uhich hinders the development of clear, 
pastel shades in the dyeing stage. Of lesser importance are aluminium 
and zirconium tannages, both of uhich produce essentially uhite leather 
but louer stability. > ■
The usual criterion of successful tanning is an increase in the hydrothermal 
shrinkage resistance of the skin. If untanned skin is immersed in uater 
and the temperature slowly raised, at about 65°C a sudden irreversible 
contraction takes place uhich arises from a collapse of the triple 
helix structure of tropocollagen molecules. Tanning introduces stable 
crosslinks probably betueen adjacent helices thus preventing the collapse 
of individual helices. It is less likely that intramolecular linkages 
are formed. The overall result is an increase in shrinkage temperature.
The actual value attained depends on the type and quantity of tannage
used. An oil chamois tannage uill give values of only 65°C, simple
o o o
aldehydes about 70 C, vegetable tans 70 C - 80 C and chrome tannage is
stable to boiling. There is a concomitant increase in resistance to
enzymic and microbial attack.
Thus far tanning is the most important step in stabilizing the collagenous 
material of a rau skin. Stabilization is houever a far cry from ,the 
art of leather manufacture uhich seeks to attain a number of objectives
which at times appear to be in conflict. Economically, the aim is, 
to maximize the area of leather produced from a given weight of skin, 
technically the requirements of subtle, often ill-defined changes in 
mechanical properties may be at odds with financial gain. The fashion 
aspects of colour requirements may well place limitation on the 
processes available to achieve a given mechanical requirement. The 
result is a mass of process detail requiring considerable experience 
for its effective utilization. Underneath however is a much simpler 
basic scheme of things uhich can be used to illustrate the influence 
of various process stages.
The starting point for any process is the raw skin. The largest single 
constituent by weight is usually water. On a dry basis the fibrous 
collagen and elastin are the major components but there may be 20 - 40/6 
of interfibrillar protein, mucopolysaccherides and fat. If an excess 
of interfibrillar material is left in the skin during processing then 
it uill act as a restriction to fibre movement in the dry leather leading 
to unwanted stiffness. The fat could exude to give unsightly stains. 
There will also be exterior unwelcome material, bits of flesh, fat and 
blood on one side and hair and dung on the other. The first stages of 
processing are to clean up the exterior and then the interior of-the skin.
Washing - with water at below the shrinkage temperature removes
dirt and dung.
Fleshing - a rotary knife (like a mowing machine blade) removes
superflous flesh and blood.
Unhairing - the skin is soaked in alkaline sodium sulphide solution
which simultaneously swells the skin and degrades the 
hair so that it can be easily removed without damage to 
the structure. Too much sulphide may cause breakdown 
of skin protein, too little does not effectively loosen 
the hair.
Liming - Soaking in a saturated solution of calcium hydroxide,
ideally at about 20-25°C, with intermittent mild mechanical 
agitation. Soluble interfibrillar protein is removed, 
the skin will swell to a degree dependent on the pH of the
Bating
Pickling
Tanning
Retanning
liquor, the temperature and the duration of liming. ' 
Certainly fibre bundles swell in diameter and their 
state of subdivision increaseso This is termed an 
increase in fibre splitting.'
A high degree of swelling of the skin casues the fibres 
to become inclined more steeply to the outer surfaces. 
Minimal swelling retains them at a lower angle.
Liming is the first and perhaps the most important stage
¥ r
of geometrical and morphological ordering of the fibres. 
The subsequent stages of processing involve changes of 
pH and temperature and varying degrees of mechanical action 
such as stretching whilst wet. They all make further but 
usually smaller changes to the detailed fibre structure.
A midly alkaline (pH 8.5) tryptic enzyme treatment ideally 
to complete the removal of degraded protein. There is a 
suspicion by some workers that excess treatment leads to 
attack on the telopeptide region of the collagen molecule.
Essentially a pH adjustment to the acid side preparing 
the skin for tanning. Acidic swelling of the skin can 
be suppressed by Common ion* salts, e.g. NaCl.
The main stabilization of the fibre network both chemically 
and to some extent physically. If the skin were dried 
slowly or by solvent following this stage 
it would be reasonably supple and readily recognizable 
as leather. ’ Rapid drying would lead to a very stiff 
leather because of strong fibre adhesions.
A secondary tanning which may further stabilize the 
collagen and/or act as interfibrillar filling material, 
liihen the primary tannage is metal ion, the retannage is 
frequently organic and vice-versa.
Used to signify state of diversion or fine structure of fibres 
rather than in a strict histological sense.
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Fig. A.1.2 Diagram showing the main structural features of raw 
ox hide. (Taken from !Hides, Skins and Leather 
under the Microscope*, BLMRA).
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Fatliquorinq - The lubrication of the fibres to prevent them sticking 
together during drying and to allow them to move easily 
in dry leather* This is usually the last fwet! 
process operation which has a major influence on the 
mechanical properties of the fibre network. Dyeing 
may have lesser effects but these are as yet unproven.
Removal of water. Fibre adhesion will form to an extent 
governed by the type and quantity of fatliquor and the 
drying conditions. If unrestrained, leather will usually 
shrink in area and gain in thickness during drying, 
liihen restrained it will decrease in thickness. Either 
way a further modification of the fibre geometry occurs.
A light stretching and flexing operation designed to 
breakdown minor fibre adhesions formed during drying. 
Leather may also be tumbled in a dry drum to achieve a 
similar effect.
Encompasses the grain impregnation and surface coating 
operations where they are used.
This scheme is illustrated in Fig. A.1.1. There will be varying degrees 
of modification to this scheme depending on the skin type to be processed. 
Occasionally a completely different scheme is used for specialist 
production, e.g. Chamois. For the bovine leathers used in this thesis 
the scheme is a useful illustration but there are other considerations 
of equal if not greater importance than the mere chemical reactions.
Fig. A.I.2 is a sketch of a micrographic cross-section of ox hide. The 
hide may be 4-7 mm thick in the back area, but the thickness differs at 
different locations over its surfaceo Stratigraphically, four layers 
can be recognized. The corium with coarse fibre bundles inclined at 
about 45° to the surfaces. These bundles divide and their angle 
reduces as they near the flesh layer. In that layer, fibre.bundles 
are nearly horizontal and somewhat less coarse than in the corium.
Going upwards, the corium fibre bundles divide rapidly at the grain/corium 
junction to form the finely fibred grain layer.
Drying
Staking
Finishing
Fig. A.1*3 Illustrating the effect of splitting on the depth to 
which successive wet processes are effective. The 
width of the shaded *hour glass* areas, to the right 
.of the fibre structure sketches, indicates the effectiveness 
(in a qualitative sense) of each process at various 
distances from the outer surfaces. Usually this can be 
equated to the concentration of the process chemicals 
at that depth.
Liming
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During wet processing, chemicals uill penetrate into the fibre network 
by diffusion aided by mechanical working of the skin. The rate of 
penetration may differ from the two surfaces and the extent of penetration 
uill govern the depth to which any given process step has been effective. 
Furthermore the tanner may need to reduce the thickness by splitting ,at 
a number of stages depending on the end use of the leather. He may choose 
to remove the flesh layer after liming and to process it as clothing suede. 
The remainder uill be processed up to the *uet blue* (after tanning) and 
then reduced to a thickness suitable for shoe leather. The middle or 
corium split may be discarded and the remaining grain layer, plus some 
corium, processed through to the dry stage. Thus, differential 
penetrations and splitting could lead to a complex multiplate structure 
for an already complex fibre network. Fig. A.1.3 illustrates this point.
Uith so many process steps under his control the tanner can produce a 
very wide range of leather products from essentially a single type of 
animal skin. This is the art of Leather Manufacture.
Boardi ng
Grain Surface
Grain_ 
Surface,
Break
But t
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GLOSSARY OF TERMS
Most of the following terms are recognised leather trade terms, a 
few are specific to this thesis* The explanations have been written
for non-specialist readers and may not therefore be identical with 
International Trade Glossaries.
AIR DRY' LEATHER
Leather in equilibrium with ambient air conditions - it will 
usually contain 10-15^ of moisture by weight.
BOARDING ACTION
Making a rolling fold, by hand or machine, in a piece of leather 
with the grain surface on the inside. Traditionally it was used 
to form a fine pattern of creases on the leather surface.
(see opposite).
BREAK
The pattern of creases or waves which form on the grain surface 
when leather is formed into a shallow curve grain side innermost, 
(see opposite).
BREAK SCALE
A set of mouldings taken from an arbitrary set of leathers to 
form a standard comparator for Break. The specimen is bent round
1.5 cm diameter mandrel before examination.
BULK LEATHER
Taken to mean in this thesis - Leather as supplied by a tanner 
with an intended end use in mind.
BUTT
That part of a bovine hide extending over the hind quarters 
either side of the backbone and about two-thirds the length
of the backbone line, (see opposite).
COMBINATION TANNED
Leather produced by a tannage incorporating tannins of different 
classes, e.g. vegetable, mineral, etc applied in successive stages.
Double
Bend
Histologically the middle fibre structure of a vertical 
cross-section of the skin extending from the base of the grain 
layer to some ill-defined point near the flesh side at which 
the fibre angle begins to reduce, (see Fig. A.1.2).
CORRECTED GRAIN LEATHER
Usually - but not exclusively - bovine leathers which have been 
abraded on the grain surface to remove natural damage and 
present a uniform surface for surface coating.
CRUST
A leather which has been dried after the principal tannage and 
is awaiting final processing. It will contain some fatliquor.
CURTAIN COATING
A means of applying surface coatings or grain impregnants whereby 
liquid flows over a weir or through a slot to form an unbroken 
thin vertical film of liquid. The substrate passes through the 
Curtain1 at high speed.
DISTENSION AT GRAIN CRACK
The distension in a lastometer test at which the grain layer is 
seen to first crack. The corium normally remains intact. 
Sometimes failure of the two layers occurs simultaneously.
DOUBLE BEND TEST
Two folds are made in a piece of leather, the first with the 
grain layer outermost and the second at right angles to the first. 
The intersection of the two is pushed sharply together between 
the fingers, (see opposite).
ELONGATION AT BREAK OF THE GRAIN LAYER
In a tensile test the leather frequently fails in two stages, 
firstly the grain layer and then the remainder. The elongation 
of the specimen is recorded when the first occurs.
FATLIQUORS
Leather lubricants formulated from natural or synthetic oils 
emulsified in water by the addition of surfactants or by 
sulphonating or sulphiting the base oil.
FINISH
The thin surface coating applied to most leathers which are to 
be used with the grain surface visible. Both protection and 
decoration result.
FINISHING
The surface coating operation. Includes grain impregnation.
FLESH SIDE
That surface of a skin or hide which was originally nearest 
to the animal. Loosely applied to leather meaning the surface 
opposite to the grain surface. Structurally this may be corium 
fibre.
FULL CHROME LEATHER
A leather tanned only with chromium salts.
g ra i n/c qr ium JUNCTION
That layer of the skin in which corium fibres divide to form 
the grain layer, (see Fig. A.1.2).
GRAIN CRACK
Rupture of the grain layer, usually by extension, leaving the 
remainder of the leather intact and adhering to the grain.
GRAIN IMPREGNANT
A solution or aqueous suspension of a polymer which can be applied 
to the grain surface of dry leather and will penetrate to within 
or even beyond the limits of the grain layer. (Normally applies 
to corrected grain bovine leather).
GRAIN IMPREGNATION
The application of grain impregnants.
HAIR FOLLICLES
The sockets in the skin which housed the hair root and shaft 
(see Fig. A.1.2). Uhen seen from the grain surface in leather 
they appear as bell mouthed holes which help to form the 
.distinctive pattern of the grain surface.
Clampin
L a s t o m e t e r
HIDE
The term applied to the skin of large mammals, cattle, horse, 
elephant. (Sheep, pigs,goats, fish, birds and reptiles are 
usually classed as ' skins’). If leather is made from the 
whole hide, without cutting into segments, that is also termed 
a hide. Usually applied to upholstery leather.
HORSING UP
The practice of stacking wet leather, on a wooden ’horse' or 
rack and leaving it for some hours, usually overnight. The 
horse is a tent shaped wooden structure with a rounded ridge, 
a narrow base (about 60 :cm wide). 1.5 m from ridge to base and 
2 m long. The leather is draped over the ridge.
LASTING
The operation of stretching leather over a wooden former to 
(the last) to make a shoe.
LASTOMETER
A testing device in which a disc of leather 2.5 cm diameter is 
clamped around its edge, grain surface uppermost. A rod with 
a 6 mm diameter hemispherical end is slowly pushed into the 
disc at its centre from the non-grain surface. It is intended 
to simulate the lasting operation. Specimen rupture will occur 
in about 3-4 mins. Load and rod displacement are recorded at 
various stages in the failure of the leather. (See opposite 
and ’Distension at grain crack1).
LIGHTER LEATHER
Generally refers to weight per unit area and therefore implies 
thin, low density leather such as would be used for shoes, clothes, 
gloves and fancy goods as opposed to soling, belting or industrial 
leather.
LONG LIMED
Subjected to a prolonged liming operation - the alkaline swelling 
of a hide and solubilization of interfibrillar protein. (See 
page. 217 for a description of ’liming').
MECHANICAL LEATHER
Leathers which fulfil a purely mechanical function in the 
engineering sense. Check straps on looms, drive belts, 
diaphragms, etc. Usually thick, dense and strong.
PADDING
A surface coating in the liquid form is spread over the grain 
surface of leather using a plush fabric fastened to a wooden 
base (25 cm x 10 cm x 5 cm).
PLATING
Smoothing the surface of leather by pressing it against a 
heated smooth, polished metal surface. Usually carried out 
at an intermediate stage of a multicoat finishing sequence.
The finish is against the plate and the leather rests on a- 
felt backer. Plate temperatures are usually 60°C-100°C 
and pressures on the leather are 1-5 MPa.
POLYMER RETANNING
A retanning process using dilute aqueous solution or emulsion 
polymers instead of the customary vegetable or mineral tannins. 
The polymer is taken up by the leather and acts as a 'fillet'. 
There is no significant tanning action.
PRE-FORMING
A shaping operation in shoe manufacture. The cut component is 
part shaped by a variety of techniques rather like vacuum forming 
of plastic sheets but using hot moist air to induce deformation.
RETANNAGE
A secondary tanning operation to complete the tannage or to 
obtain additional filling of the leather. When the primary 
tannage is vegetable in origin, a metal retannage may be used 
and vice-versa.
RUSSET
A vegetable tanned upper or upholstery leather which has not 
been coloured.
SCUFFING
Abrasion but by a glancing blow from a blunt object.
onut- UFHtK LLMIHLH
Leather intended for use as the outer, upper part of a shoe 
(not the sole, heel, insole or lining).
SIDE
Either half of a hide which has been divided down the backbone.
SIDE UPPER LEATHER
Shoe upper leather made from 'Sides'.
THIN GRAIN SPLITS
Leathers made from the grain layer of bovine hides by splitting 
at, or just on the corium side of, the grain/corium junction. 
The grain patterned thin leather (0.5 - 1.1 mm thick) is the 
retained part.
VEGETABLE TANNING
Tanning with infusions of barks, wood or leaves of bushes or 
trees, e.g. oak bark. Generally the active ingredients are 
polyphenolic compounds.
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APPENDIX II
EXPERIMENTAL DESIGNS 
EXPERIMENT El - A Preliminary Study 
Outline
Strips of leather 20 cms x 2.5 cms were cut from four blocks, two from 
each of two sides of full chrome II. In each block 12 strips were cut 
parallel to the backbone and 12 cut perpendicular. Completely randomized 
allocation of treatments within blocks was not possible because of specimen 
shape.
Cutting Plan - Fig. A2.1.
The grain was split off each strip to a thickness intended as 0.5 mm.
Four impregnation treatments were applied by dipping. The cantilever 
bending stiffness of each strip was measured before and after impregnation. 
Each strip was then rolled into a spiral and worked between the hands three 
times. Stiffness was re-measured. All strips were dipped a second time 
in the appropriate impregnant and dried. Tensile tests were carried out 
on specimens cut from them.
Unimpregnated specimens for tensile tests were taken from an area between 
two blocks on each side but closely associated with neither block.
Statistical Notes N
The variables were:-
A.« Impregnant Treatments
aQ Aqueous Acrylic Emulsion
a^ Polyurethane (Xylene Solution) See Table A.3.8
a2 Xylene (Polyurethane Solvent) for
a^ Acrylic formulation without polyer formulations
(Acrylic *Solvent1)
Blocks
b Butt - Side 1 0
b^ Belly - Side 1
b2 Butt - Side 2
b„ Belly - Side 2
£. Specimen Direction
c q parallel to backbone 
c^ perpendicular to backbone
JD. Replicates
dQ Replicate 1 
d^ Replicate 2 
d2 Replicate 3
Analysis took all interactions of three and more factors as an estimate 
of error variance except for the interaction Impregnant x Blocks x Directions, 
which was isolated as having potential interest.
A typical analysis, that for stiffness after impregnation is given in 
Table A2.1.
Table A2.1 - Analysis of Variance of Cantilever Bending Stiffness (g.cm)
of Impregnated Specimens from Experiment El.
Source
Degrees
of
Freedom .
Sums
of
Squares
Mean
Squares
F P
Treatment (T) 3 227.27 75.75 19.44 ***
Blocks (B) 3 67.57 22.52 5.78 **
Direction (D) 1 117.62 117.62 30.18 ***
Replicates (R) 2 1.75 0.87 0.23 [\|/S
T X B 9 33.02 3.66 0.94 n/ s
T x D 3 26.49 8.33 2.27 N/s
T x R 6 7.72 1.28 0.33 n/ s
B x D 3 23.13 7.71 1.98 n/ s
B x R 6 19.77 3.29 0.84 n/ s
D x R 2 6.28 3.14 0.81 n/ s
T X B x D 9 58.63 6.54 1.68 n/ s
Residual 48 187.06 - -
Total 95 776.35
The conventional system of significance indication is used:
* * *  _/ * *  .= 0.1%; = 1.0%; = 5.0$
A.2.2 The cutting plan for a typical side used in E2.
The layout for specimens taken from a single cantilever 
strip is shown below.
Taken for work
in Ref.£7
R e U 7
< n >
<3
./.. "'j
EXPERIMENT E2 - Classifying Commercial Impregnants and their Composites
Outline
Strips of leather 25 x 3 cm were cut parallel to the backbone of six 
sides of leather used in ref. 21. Only the neck area was available.
The cutting plans and specimen plan is shown in Fig. A2.2.
The ten impregnant formulations were those from ref. 21 used to apply 40g/m
2
of aqueous systems and 20 g/cm of polyurethanes (Table A.3.6).
Two-thirds of the strips had the grain split off to 0.5 mm thickness.
Half of these were stapled to their original remainder and impregnated 
by curtain coater. The unsplit specimens were coated at the same time.
The remaining splits were dipped into an excess of the impregnant liquid.
Ccntilever bending stiffness was measured for each end with each face 
(grain and ’flesh1) uppermost. Two tear test and two tensile specimens 
were cut from each strip.
The experiment also acted as a commissioning experiment for the dynamic 
bending tester. Specimens were cut from each, strip with their .short 
axis aligned with the long axis of the strip. New specimens were tested 
with the grain surface in compression or in extension during the first 
cycle.
Statistical Notes
The factors were:-
A_. Impregnant Polymer (P)
a Lankrothane 1304 o
a^ Titekote H51
a^ Binder 17 
a^ Binder 18 
a^ Leather Ground F.S.
a,- Lankro Impregnant E.S. o
ac Primal LT76 o
• a  ^ Binder S3 
aQ Rl/115 
ag Rl/6582
Polyurethanes
Aqueous solution 
Acrylics
Aqueous
Emulsions
B.* Application Sequence (m )
bp Impregnate followed by splitting 
b^ Splitting followed by impregnation 
b^ Splitting and dipping
J-L* Preparation Replicates (s)
cQ Strip 1 
c^ Strip 2 
c2 Strip 3 
c^ Strip 4
Analysis depended on the parameter.
1) Cantilever Bending Stiffness - after impregnation 
Additional factors introduced were:-
_E. Face Uppermost
e Grain o
e^ Other (*flesh*)
£• Specimen End
f End 1 o
f± End 2
The first analysis was straightforward taking all three factor 
interactions and higher as an estimate of error. From this it was 
clear that there was no difference between ends. The mean value 
for the two ends was then calculated and the data re-analysed 
excluding factor F.
At this stage it was concluded that, although there were statistically 
significant differences between preparation replicates, these differences 
were so much smaller than those produced by polymer treatment or 
direction of measurement and preparation method that the remainder of 
the experimental work could be carried out on only two of the four 
strips (selected at random). Subsequent notes refer only to two of 
the four strips.
2) Tear and Tensile Tests
Factor C uas reduced to tuo levels as outlined above and tuo replicate 
test pieces uere cut from each strip. This became factor E replicate 
1 or 2. Analysis uas again straightforuard using three factor and 
higher interactions to estimate error variance.
3) Polymer Uptake
2
Calculated as added polymer in grams (on 75 cm ) as well as by % on 
conditioned ueight.
Analysis used only the three factor interaction A X B X C to estimate 
error yielding 54 degrees of freedom from a total of 119.
4) Dynamic Bending Stiffness Data
Four of the ten polymers uere chosen at random and from each strip, four
test pieces uere cut uith their short axis parallel to the long axis of
the cantilever strip. Tuo uere tested uith the first bend putting the 
grain surface in extension and tuo uith it put into compression. The
experiment then became:-
A - Polymers (as before) 4
B - Preparative Method (as before) 3
C - Preparative Replicates (as before) 2
D - Test Replicates 2
E - Direction of First Bend 2
Interactions of 3 and more factors uere taken as error. Differences 
betueen test replicates uere very small and so for the remaining six 
polymers only a single test piece uas used and the results combined uith 
those from single, randomly chosen tests from each of the other four to 
provide a neu set of data for joint analysis
A - Polymers 10
B - Preparative Method 3
C - Preparative Replicates 2
D - Direction of 1st Bend 2
characterization area used for the tuo numbered sides. 
The layout of a block is only shoun for one side, and 
the cutting of an impregnated specimen is shoun belou.
Blockl Block 3
Side FC.1
Bloc k ABlock 2
Side Ret an 1
S.R 5% or 10%
S. R 5% or 10%
ID
B Tear
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EXPERIMENT E3 - Characterization of Composites of Four Representative
Impregnants
Outline
Full chrome and retanned leathers ranging in thickness from 0.2 to 0.6 mm 
were impregnated uith the four representative polymers selected after 
analysis of E2. Four solution concentrations uere used at constant polymer 
to penetrator ratio. There uere 16 control specimens. Cutting details 
are given in Fig. A2.3.
Tensile, tear, dynamic bending and stress relaxation (5% and 10% strain) 
tests uere carried out uith the stress parallel to the backbone.
The dimensional changes of the test pieces uere monitored, the thickness 
at five points on each piece and linear dimensions by steel scale to the 
nearest 0.5 mm.
Statistical Notes 
Factors
AB. Polymer
(i) L1304
(a) L.G.F.S,
(b) Rl/115 
(ab) LT 76
See Table A.3.7 
for formulations
CD. Impregnant Liquid Concentration
(i) %
(c) 6%
(d) 12% 
(cd) 18%
%o solids content
EF. Thickness of Grain Layers (nominal)
G.
(i)
(e)
(f)
(ef)
0.20 mm 
0.35 mm 
0.50 mm 
0.60 mm
Leather Type 
(i) Full Chrome 
(g) Retan
The experiment uas arranged as a 2 factorial based on plan 03102 of 
(155)
Mitton and Morgan , in uhich ACDE, ABDF and BCFE uere confounded 
uith blocks. Since G is also confounded so must its product uith the 
other confounded interactions. This gives 8 blocks, four from each 
leather in uhich seven are confounded viz:- ACDE, ACDEG, ABDF, ABDFG, 
BCFE, BCFEG, G.
The generators for the principal block uere ad, bf, ce, abc, multipliers 
for the other blocks uere a, b, ab, ag, bg, abg, g.
Each block contained 16 treatments and tuo controls. Allocations to 
locations uithin a block uere random, controls first and then treatments.
There uere 75 degrees of freedom for the estimate of error, comprising 
all unconfounded interactions of three and more factors.
fij&t— B-* ?«4 Cutting plan for E4 and characterization of
sides full chrome 2 and retan 2.
L1304 L1304
L.0.F.S. L13 0A
L1304
Side Retan 2
6cm. —
U. 5cm.
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For Characterization
EXPERIMENT E4 - Extended Compositional Range for Confirmation of
Tensile and Bending Behaviour
Outline
Leather 0.45 mm thick was treated uith nine ’levels* of polymer offer, 
including one of zero and one of surfactant only, in uhich the amount 
of penetrator corresponded to the maximum concentration encountered in 
a polymer containing formulation. The polymer/penetrator ratio uas 
constant and equal to that used in E3 except for 24^ and 20^ solution of 
L.G.F.S. (supplied at 25^ solids content) uhen a varying ratio uas used 
(Table 4.5). Fortunately the mechanical properties of L.G.F.S. are 
knoun to be largely insensitive to such changes in polymer/penetrator
4-- ( 6)ratio' •
Uptakes and dimensional changes uere recorded, the linear ones by 
travelling microscope. Tensile tests uere carried out at 0.25, 2.5,
4.0 and 25 min \
The specimen lay out is shoun in Fig. A2.4.
Statistical Notes
To reduce scatter in graphical displays of test parameters versus polymer 
content, each polymer uas allocated to a block 18 cm x 13.5 cm, uithin 
uhich uere nine 6 cm x 4.5 cm specimens randomly allocated to polymer 
quantity. There uere tuo 18 cm x 13.5 cm blocks per polymer from each 
leather randomly allocated to a location on the total area used. The 
plan became:-
A. Polymer Quantity (solution concentration %>)
a Nilo
a1 Surfactant only
a2
a3
a4
a5
a6
a7
4%>
Q%
12%
16%
20%
24%
jB. Polymer Type
bQ L1304
L.G.F.S.
b2 R1/115
b3 LT 76
C. Replicates
Cq Replicate 1
c^ Replicate 2
D. Leather
dQ Full Chrome
Retan
The design is a split plot type and requires appropriate analysis.
There are two error variances, that associated with ’Between Block’ 
differences and that associated with ’Within Block’ differences, 
analysis was set out as follows:-
Source
Between Blocks Deqrees of Freedom
Polymer (P) 3
Leather (L) 1
P x L 3
*
Between Block Error 8
Within Blocks
Quantity (q ) 8
Q x L 8
Q x P 24
Q x P x L 24
■X-X-
Within Block Error 64
Total 143
The
*
Replicates, P x R ,  L x R ,  P x L x R
■5fr
Residuals
Li,2• A>2.5 The cutting and characterization of sides full chrome 3 
and retan 3, Various experiments uere made from these 
sides.
£ u
Eu
SideRC. 3
For Characterization
' /
' /
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‘ No P o ly m e r ’ Specimens
EXPERIMENT E5 - Similar to E4 but uith Restricted Composition to
Commercial Levels and an Extended Strain Rate Range.
The Design uas chosen to bring out Effects of Strain
Rate.
Outline
Since information uas required more about high order interactions than 
main effects the latter uere sacrificed to some extent by use of a multiple
split plot design. The leathers uere cut into four blocks (confounded
uith polymer type) and uithin each block uere four plots, (confounded uith 
quality of polymer). From each plot uere taken eight tensile test 
specimens and tuo uere tested at each of four strain rates. The factors 
uere:-
A. Leather
a Full Chrome
o
a^ Retan
j3* Polymer Type
b L1304o
bx L.G.F.S.
b2 R1/114
b3 LT/76
£. Polymer Quantity (intended uptake of dry polymer on conditioned
leather ueight)
&
c1 Q%
c2 10%
c3 24?o
Test Speed (Strain rate min ^)
d 0.05
o
d± 0.5
d2 5.0
d3 50.0
Replicates (bJithin plots)
eQ 1st replicate
e2 2nd replicate
There uere 32 controls, one at each strain rate uithin each block from 
each of tuo leathers.
The analysis is set out as follous:- 
Source
Betueen Blocks Deqrees of Freedom
Leathers (L) 1
Polymers (P) 3
*
Betueen Block Error 3
Uithin Blocks (Betueen Plots)
Quantity (q ) 3
Q x L 3
Q x P 9
Uithin Block Error 9
Uithin Plots
Speed of Test (S) 3
S x Q 9
S x L 3
S x P 9
S x P x L 9
S x P x Q 27
S x L x Q 9
S x Q x P x L 27
Uithin Plots Error 128
Total 255
Leather x Polymer 
Q x L x P
Residual, including replicates uithin plots
EXPERIMENT E6 - Examination of Tensile Behaviour at Lou Temperatures
Outline
The factors uere identical to those in E5 except that instead of D being 
strain rate it uas test temperature.
D. Test Temperature
d0 T9
+ 20°C
dl cn
H- + 10°C
d2 T9
- 10°C
d3 T9
- 20°C
The Tg was measured separately for each polymer.
The analysis uas exactly as for E5 substituting temperature for speed.
There uere 20 controls taken, from betueen the polymer blocks, tuo for
each leather at each of a range of temperatures covering the maximum
value of T + 20 to T - 20°C, i.e. 10°C to -80°C.
9 9
y« m . z . q  ine curcing plan r o r  LY and characterization of 
sides full chrome 4 and retan 4.
Block 1
Block 2
Side F.C.U
Block 3 Block A
Side Retan U
V
For Characterization
7/£  Taken For Single Fibres
EXPERIMENT E7 - Extends the Observations made in E3.
Outline
Stress relaxation studies were carried out on 0.5 mm thick leather and 
composites at strains in the range 0.025 to 0.25 and at four different 
extension speeds. Impregnation with the four polymers uas controlled 
to give either 8% or 30^ 6 add on. The cutting plan is shown in Fig. A.2.6.
Statistical Notes 
The factors varied were:- 
ABC. Strain (%)
(i) 2.5
a 5
b 7.5
c 10
ab 12.5
ac 15
be 20
abc 25
DE. Strain Rate (min
(i) 0.5
d 2.5
e 5.0
de 25
FG. Polymer Type
(i) L1304
f L.G.F.S. 
g Rl/115
fg LT 76
H. Polymer Content on conditioned weight)
(i) Q%
h 30/£
3_. Leather Type
(i) Full Chrome
j Retan (inevitably confounded with blocks)
g
The design was a half replicate of a 2 factorial giving 256 combinations 
and 64 controls were used. The impregnated specimens were 12 x 1.5 cms. 
The area required from each leather is thus 72 x 40.5 cms. The regularity 
of results from stress relaxation tests in E3 suggested that two blocks 
per leather was adequate. The plan can be designated 12212. From each 
leather there were two blocks of 80 specimens of which 16 were controls, 
allocated randomly before the treatment.
The defining contrast was ABCDEFGH3. The interactions confounded with 
blocks were ADFH, ADFH3, and 0. None of their aliases are main effects 
or first order interactions.
The members of the principal block were found by inspection and the 
multipliers for the remaining blocks were ab, aj and bj.
This plan gives 160 degrees of freedom for error taking interactions of 
three factors and higher for its estimation.
EXPERIMENT E8 - Tensile Study of Single Fibres
Outline
Single fibre bundles of full chrome and retan 'leather were treated with 
solutions of four impregnant polymers at four different concentrations 
and tested to tensile failure at two speeds. The fibres were separated 
into two weight ranges before either,treatment with polymers, or speed 
of test were allocated to fibres. It was necessary to use slightly 
different weight ranges for the two leathers.
Statistical Notes 
Factors varied:
AB. Polymer type
(i)
a
b
ab
L1304
L.G.F.S.
Rl/115 
LT 76
CD. Solution Concentration applied
(i) Penetrator and water only 
c 5%> polymer content
d 10% polymer content
cd 2Q%> polymer content -J
See
Table A.3.7 
for
formulations
E_. Speed of test
(i) 2.5 cm/min
e 0.25 cm/min
F. Uleiqht of fibre
(i) < 35 ug/cm
f > 3 5  ug/cm
(Approximates to strain rate of
2.5 and 0.25 min 1 depending on 
precise fibre length)
(For full chrome leather these 
limits were <40 or >40 ug/cm)
G. Leather Source
(i) . Full chrome
g Retan
7
A full replicate 2 design was used. There were no ’blocks1 since all 
fibres came from about 2 x 2 cm of each leather.
Interactions of three or more factors were used to estimate error 
giving 88 degrees of freedom for this estimate. There were 16 controls, 
four replicates for each combination of fibre weight/unit length and 
speed of test. This gives a mean value of *no treatment* effects more 
precise than mould be obtained from any combination of polymer, quantity 
and leather (mean of four specimens).
I
EXPERIMENT E9 - Tensile Study of Model Joints
Outline
Single fibre bundles of full chrome or retan leather were used to make 
model fibre joints, bonded by impregnant polymers.
In this experiment the only deviation from the preparative method 
(Section 4.2.5) was that a number of applications of the liquid were used. 
A drop of impregnant was put into the mould, allowed to stand for 5 mins 
and the excess removed with a tissue leaving a sheath of liquid around 
the fibres. This was allowed to dry for an hour before subsequent 
applications except for the polyurethane when they were left overnight 
to enable some cure to occur and thus reduce resolvation.
Statistical Notes
The factors varied were:-
AB. Polymer type
(i) L1304
a L.G.F.S.
b Rl/115
ab Primal LT 76
CD. Speed of test (crosshead speed)
(i) 0.05 cm/min
c 0.50 cm/min
d 5.0 cm/min
cd 50.0 cm/min
£.* Concentration of Impregnant (% polymer)
(i) 5%
e 20%
£. Number of Applications of Impregnant
(i) 2
f 4
• £. Fibre Type
(i) Full chrome
g Retan
The experiment was planned as a half replicate of a 2 factorial giving 
64 treatment combinations.
There were no blocks and the defining contrast was W . C D ’.E.F.G leaving 
24 degrees of freedom for estimation of error.
EXPERIMENT E10 - Stress Relaxation of Single Fibres
Outline
A rather precise estimate of the behaviour of untreated fibres was 
obtained by introducing the effect of * pre-strain1. Half the fibres 
were tested before polymer treatment, allowed to relax for 24 hrs, 
treated with polymer and then re-tested as appropriate. The data from 
the ipre-strain* stage was used to obtain the estimates of the behaviour 
of untreated fibres.
Statistical Notes 
Factors varied were:-
AB. Polymer Type
(i) L1304
a L.G.F.S. (All applied as 20^ polymer
b R1/115 containing liquids)
ab LT 76
CD_. Speed of Test (crosshead speed)
(i) 0.05 cm/min 
c 0.10 cm/min 
d 1.0 cm/min
(Approximate to strain 
rates of 0.5, 0.1 and 5.0 min
cd 5.0 cm/min
E. Leather Type
(i) Full Chrome (Fibres were all approximately
e Retan 1.0 cm between the hooks)
F\ Test Strain
(i) 2.5^ 
f 1U%
G. Strain History
(i) Strain to test strain for 4 mins
g Not pre-strained
The experiment was planned as a half replicate of a 2 factorial without 
blocks using AB,CD,E,F,G as defining contrast. There were 24 degrees 
of freedom for error estimations. The ‘pre-strain1 stage could in itself 
be considered as a half replicate of a 2 with AB,CD,E,F, as defining 
contrast, yielding 6 degrees of freedom for error. This is not adequate 
and since it is clearly nonsense to consider as ‘treated* fibres which 
are only designated to receive specific polymer treatments, the analysis 
of the pre-strain data was carried out by conventional formulation of sums 
of squares to a plan.
AB» Speed of test
0.05 cm/mins 
0.1 cm/mins
1.0 cm/mins
5.0 cm/mins
C_. Test Strain
2.5^
10%
D. Leather
Full Chrome 
Retan
JE. Replicates
2
Interactions of three factors and more were taken to estimate error
EXPERIMENT Ell - Stress Relaxation of Model Joints
Outline
Thirty-two single fibre pairs were bonded by 20^ 6 polymer content, 
impregnant liquids from four polymers. The details of the preparative 
method and test procedure are given in Sections 4.2.5 and 4.4.7.
Statistical Notes
A random block design was used with two replicate joints of each type.
AB. Polymer Type
(i) L1304
a L.G.F.S.
b Rl/115
ab LT 76
Test Strain
(i) Linear part of the curve
c After bond rupture
Type of Fibre
(i) Full Chrome
d Retan
Replicates
(i) Replicate 1
e Replicate 2
The analysis was straightforward taking interactions of three factors 
and more to form the error sum of squares.
D.
^ u o o  i m x j . l,i u cii iu i'uuan o .
EXPERIMENT E12 - Tensile Study Conventionally Processed Leather
Outline
Leather 0.5 mm thick, was wetted and dried; degreased, wetted and dried, 
re-wetted, re-oiled and re-dried before testing.
Degreasing was carried out by six changes of dichloromethane under reflux. 
Wetting back was achieved by immersion in successive baths of ethanol/water 
of increasing water content, 4 hrs in each stage of 90/10 and 75/25, then 
16 hrs in 50/50 and 4 hrs in each of 25/75 and 10/90 followed by 24 hrs 
in distilled water with a change of water after 12 hrs. Re-drying was 
at ambient conditions for 24 hrs followed by 2 hrs in an oven at 50°C 
and then re-conditioning overnight.
The re-oiled specimens were first of all degreased, then wet back and 
finally fatliquored in Red Devil paint shakers at 40°C for 40 min at 
200$ float with sulphated sperm oil to give 2$, 4$, 8$ and 16$ add on of 
active ingredient. All liquors were clear after treatment. Drying was 
at ambient conditions.
The specimens were 8.5 cm x 4.5 cm. From each were cut 4 tensile test 
pieces parallel to the backbone and four perpendicular.
No formal statistical analysis of the data was carried out and the 
tabulated results were simply inspected for trends.
The cutting plan is shown in Fig. A.2.7.
EXPERIMENT E13 - A Critical Study of the Lubricant Effect of L1304 
and its Cure
.Outline
In a preliminary experiment leathers in the range 0.2 mm to 0.6 mm thick 
were either degreased by reflux with xylene or not. They were then 
impregnated with polyurethane solutions of different concentrations, 
dried under vacuum and stored over phosphorous pentoxide for 7 days,
before further solvent extraction with xylene. The polymer remained
uncured and extractable in both full chrome and retan leathers.
In the main experiment full chrome leather 0.5 mm thick, was oven dried at
50°C for 2 hrs, cooled in weighed, sealed, polythene bags and re-weighed.
The leather was then removed from the bag and impregnated with solutions
of different concentrations of polyurethane solution, including zero level.
The solvent was allowed to dry off either in the laboratory for 2 hrs
followed by 2 hrs in an oven at 50°C, or, only in an oven for 2 hrs 
o
at 5 0 C. The specimens were cooled in a dessicator and returned to their 
pre-weighed polythene bags and re-weighed to calculate uptake on dry 
leather weight. (‘Dry’ does not mean oven dry (section 4.1), but dried 
at 50°C for 2 hrs).
Tensile test and stress relaxation specimens were cut and tested either, 
after no exposure to the air or exposure for 4 hrs, 24 hrs or 7 days.
The four hour minimum exposure time was chosen because by then, the rate 
of weight gain had fallen to below 0.1$ per hour and dimensional changes 
in the four minutes of the test were too small to markedly affect stress 
relaxation studies.
Statistical Notes
g
The experiment was planned as a full replicate 2 factorial in four blocks 
each 21 cm x 28 cm. Plan 02202 of Mitton and M o r g a n T h e  
interactions confounded with blocks are ACDE, ABDF and BCEF. There are 
30 degrees of freedom for error taking interactions of 3 and more factors 
to estimate error.
The cutting plan is on Fig. A.2.7.
The factors were:
AB. Polymer Offer ($ solution)
(i) 0$ (no liquid offer at all)
a 47o
b 8$
ab 16$
CD. Time exposed to air before test 
(i) 0 hrs
c 4 hrs
d 24 hrs
cd 7 days
Standard 
Atmosphere 
20°C, 65$ R.H.
E. Drying after Impregnation
(i) In laboratory air + oven
e In an air oven
F. Testing Speed (crosshead speed)
(i)
f
1 cm/min 
10 cm/min
Strain rate for tensile specimens =
► 0.5 min ^ or 5 min ^
For Stress relaxation = 0.125 or 1.25 min
EXPERIMENT E15(a)
As a solution to a practical leather making problem the cure rate of a 
polyurethane impregnant in a particular leather was estimated by measuring, 
as a function of time, the elongation at break of an isolated impregnated 
grain split from the leather. (Made from Kudu, a small South African 
Antelope).
EXPERIMENT E14 - Critical Study of Acoustic Emission
Acoustic emission measurements were made as a function of composite 
composition and strain rate during tensile tests using the 5 cm x 1 cm 
specimen. The design was a split plot type which used two blocks from 
each leather (confounded with locations). liiithin each block were four 
plots (confounded with polymer type) and within each plot was a random 
arrangement of four quantities of polymer and three strain rates. (Fig.A.2.5).
The factors varied were:-
A. Leather
a Full Chromeo
a^ Retan
B. Location
b Butto
b^ Belly
C. Polymer Type
c L1304o
c^ L.G.F .S.
c2 R1/115
c3 LT/76
D. Polymer Quantity (intended final content, % on condition
leather weight) 
dQ 0% - no polymer
dx Q%
d2 16%
d3 24%
E. Strain Rate (min 1)
F. Replicates Within Plots
f Replicate 1
f1 Replicate 2
The analysis was set out as follows
Between Blocks
Location (Lo) 
Leather (L)
1
1
Between Blocks Error (Lo x L) 1
liiithin Blocks (Between Plots)
Polymer (P) 3
P x L 3
Between Plots Error (P x Lo, P x L x Lo) 6
liiithin Plots
Quantity (q ) 3
Speed (s ) 2
Q x L 3
Q x P 9
Q x P x L 9
S x Q 6
S x P 6
S x L 2
S x P x L 6
Q x S x L 6
Ct x S x P 18
Q x S x P x L 18
liiithin Plot Error (Residuals) 89
Total 171
EXPERIMENT E15 - Critical Study of Poissons Ratio to Obtain Data for
Quantitative Analysis of Stress/Strain Curve
A small experiment. Six pieces of leather 25 x 4 cms x 0.5 mm thick 
were cut from the butt area of the side, parallel to the backbone.
From preliminary tensile measurements it was apparent that in this area 
directional dependence was minimal. A random network behaviour could 
therefore be assumed.
Impregnation was with L1304 (20% solution). L.G.F.S, Rl/ll5 or LT/76,
16% solution, to give approximately 20^ *add on1. There were two controls 
of each leather and one composite of each leather/polymer combination. 
Details of test conditions are given in Section 4.4.5.
Successive 1UU urn sections or run cnrome ana reran learner cur on a 
freezing microtome, parallel to the grain surface from a wax embedded 
specimen. The approximate depth covered by each section is noted to 
the right of each pair. The black areas are residual hair.
Full chrome Retan
0 - C
0.1 -
002 •
0.3 •
0.4 ■
o 1 mm
0.2 ram
0.3 mm
0o4 mm
0.5 mu
APPENDIX III
PHYSICAL TEST DATA AND CHEMICAL 
ANALYSES OF THE LEATHERS.
LIQUID PROPERTIES OF THE IMPREGNANT 
POLYMERS AND THE FORMULATIONS USED 
TO PREPARE THE COMPOSITES.
Tear strength (kg/mm) of the bulk leather used in the main 
experimental work. Reference numbers correspond to those in
Fig. A.2.3 - A.2.7. Each value is the mean of four.
Leather Side No. 1 2 3 4 5
Full
Tear strength 
kg/mm 8.6 8.1 9.7 8.1 7.6
Chrome Thickness
mm 1.79 1.89 1.83 1.83 1.88
Tear strength 
kg/mm
r-
i 
•
CD 8.4 7.8 8.6 8.1
Retan . Thickness
mm 2.05 2.16 1.98 2.20 2.13
Table A.3.2
Tensile test data on 0.5 mm grain layers from the leather•described 
in Table A.3.1. Each value is a mean of four.
Leather Side No. 1 2 3 4 5
Full
Chrome
Elongation J[r
Break (%) //
Tensile J_r 
Strength //erL 
FlN/m II
35.2
41.3 
9.7 
8.9 -
38.7
40.8 
10.3
9.-5
33.7
37.5
12.1
10.1
37.7
40.7
11.8 
9.8
36.5
38.8
12.4
11.3
Retan
Elongation J_r
at el 
Break (%) //
i rTensile _L 
Strength x
m/mz II
48.5
42.5 
12.8 
13.0
50.1
40.7 
13.5
14.8
46.3
41.0
13.1 
13.7
47.2
39.8
12.5
14.1
47.7
41.8 
12.6 
12.7
Table A.3.3
Chemical analyses of 0.5 mm grain splits taken from the sides 
described in Table A.3.1.
Side Number 1 2 3 4 5
F % Moisture 12.3 10.4 11.8 9.9 13.1
U
L
% Pet.Ether Soluble 4.10 3.23 2.12 5.10 3.71
L % D.C.M. Soluble 1.50 1.72 1.28 0.83 1.31
* .
% Ethanol Soluble 2.17 1.52 1.01 1.39 1.05
C
H
Total Grease 7 6.77 6.47 5.31 7.32 6.07
R * % H20 Soluble 0.42 0.11 0.38 0.50 0.27
0 % Cro0„ 6.73 6.61 6.84 6.50 6.81
M
E
Cm O
** .
% Nitrogen 12.97 13.14 13.21 12.80 12.85
% Moisture 10.5 10.8 11.4 12.8 11.1
% Pet. Ether Soluble 2.95 4.35 4.13 3.83 3.76
R
E % D.C.M. Soluble 2.16 1.58 1.81 1.23 1.71
T % Ethanol Soluble 3.25 4.61 2.68 3.08 2.91
A ■3J
Total Grease 8.36 10.54 8.62 8.14 8.38
N
* % H20 Soluble 1.11 0.68 0.31 0.92 1.20
* $  Cr203 4.95 5.38 5.45 5.10 5.29
■ % Nitrogen
......
12.83 12.10 12.35 12.91 12.60
Moisture free
Moisture free and grease extracted
Table A*3.4
Chemical analyses of stress relaxation specimens from E3 and E7 
illustrating changing composition with thickness (E3) and general 
variation across a side (E7). Each value is the mean of tuo for 
E3 and of 16 for E7.
Data source E3 E7
> .. Mean Thickness mm 0.29 0.425 0.51 0.565 Mean c3.d
F % Moisture 10.15 12.65 12.3 11.7 10.9
+ 0.8
U
L % Pet Ether Solubles 6.85 2.50 6.1 5.4 3.42
+
1.43
L % D.C.M Solubles 1.65 0.8 2.05 0.8 1.15 + 0.66
C % Ethanol Solubles 1.1 3.15 2.4 2.8 1.36
+
1.3
H
*
Total Grease 9.60 6.45 10.55 9.0 5.93
R
0
M
r
*
% H20 Solubles 
*% Cr203
2.75
6.25
- 2.55 
6.7
1.6
7.1
0.05
6.7
1.15
6.8
+
+
1.33
0.53
L.
% Nitrogen 11.4 12.7 12.8 13.5 12.81 + 0.55
Mean Thickness mm 0.24 • 0.32 0.53 0.58 - 7
R % Moisture 9.4 10.15 11.5 11.7
1
10.3
+ 0.53
F % Pet Ether Solubles 6.8 9.2 4.9 3.85 3.53
+ 1.49
T % D.C.M. Solubles 1.55 2.55 2.05 0.2 1.81
+
1.04
A % Ethanol Solubles 8.2 1.65 1.65 4.3 2.94
+ 1.35
N
*.
fa Total Grease 15.55 13.40 8.60 8.35 8.28 -
% H20 Solubles 
^  Cr2°3
0.75
6.35
1.85
6.3
2.35
5.75
0.45
5.6
1.3
5.18
+
+
1.27
0.34
% Nitrogen 11.5 12.1 12.5 12.8 12.18 + 0.40
Moisture free
Moisture free and grease extracted
The Liquid Properties of the Impregnant Polymers
Polymer Medium
Solid
Content
( »
PH
Viscosity^
(poise)
(2)Surface
Tension
(dynes/
cm)
Specific
gravity
(9/cm3)
Lankrothane 1304 Xylene 29.9 - 0.32 32.8 0.92
Titekote H51 Xylene 55.5 - 2.15 33.9 0.92
Leather Ground
F.S Water 25.3 8.2 0.08 29.0 1.05
Primal Binder 17 Water 22.0 7.7 0.06 41.8 1.04
Primal Binder 18 Water 21.4 8.4 . 0.04 42.0 1.03
Primal HA4 Uater 45.9 2.3 0.69 49.9 1.05
Primal HA24 Water 45.2 4.6 0.83 44.4 1.07
Lankro E.S Uater 23.7 5.8 0.03 30.5 1.03
Corial Binder SO Uater 43.8 7.7 0.78 52.0 1.04
Primal LT 76 Uater 45.2 5.5 0.68 40.1 1.05
RI 6582 Uater 44.0 3.2 2.05 44.0 1.06
RI 115 Uater 45.1 3.4 1.32 42.2 ’ 1.06
(l) Ferranti concentric cylinder viscometer calibrated 
with standard oil.
(2) De Nouy ring.
Table A.3.6
Impregnant formulations used in E2
Polyurethanes
Lankrothane 1304 (L) - as supplied
Titekote H51 (S) 1 part
Xylene 1 part
Aqueous Acrylic Solutions
L.G.F.S(By) 267 parts 
Amollam P (Ba) 150 parts 
Water 133 parts
Primal Binder 17 (R) 272 
Primal Conditioner (CU 28 (R) 70 
Meth. Spirit 329 
Uater 329
Primal Binder 18 (R) 746 
Conditioner CU 28 50 
Primal Penetrator L219 (R) 100 
Triton X100 (r ) . 13 
Defoamer L94 (R) ' 0.5 
Uater 114
Aqueous Acrylic Emulsions
Lankro Impeegnant ES (L) 647 
Lankro Penetrator 1770 (l_) 60 
Oxitol 15 
Water 128
Primal LT 76 (L) 400 
Penetrator L219 100 
Uater 500
Corial Binder S3 
Amollam P 
Uater
(Ba) 222 
150 
228
Resin Rl/ll5 (S) 136 
Penetrator PT 415 (s )  40 
Uater 204
Resin Rl/6582 (S) 222 
Penetrator PT 6507 ( s )  200 
Uater 128
Ba = B.A.S.F; By = Bayer U.K; L = Lankro Chemicals; 
R = Rohm and Haas (UK); S = Stahl Chemicals (G.B)
Table A.3,7
■x- '
Formulation of the principal Impregnants . All constitutions 
are given as parts by weight.
1) L1304 - a 30$ solids content solution.
All other concentrations by dilution with xylene.
**
2) L.G.F.S - a 25% solids' content aqueous solution.
Polymer Content L.G.F.S. Amollam P
h 29
24$ 96 4
oCOOCM 20 -
18$ 108 40 2
16$ 128 48 24
Soap only 24 76
All other concentrations by dilution of 16$ formulation
3) Rl/ll5 - a 45$ solids content aqueous emulsion
Polymer Content RI^/ll5 PT415
-H2-°
24$ 107 53.5 40
Soap only 53.5 147
All other concentrations by dilution of 24$ formulation
4) LT/76 - a 45$ solids content aqueous emulsion
Polymer Content LT/76 L219
”2°
24$ 106 _ 20 74
Soap only 20 180
All other concentrations by dilution of 24$ formulation
See table A*3*6 for details of the suppliers of various 
materials.
See page 234 for notes on the variable polymer/surfactant 
ratio with L.G.F.S.
Table A .3.8
Impregnant formulations used in El*
Acrylic Polymer Acrylic Solvent
Parts by weight Parts by weight
Primal HA 24 (R) 150 -
Primal HA 4 (R) 50 -
Primal Conditioner CU 28
(R) 30 30
Triton hJ 30 (R) 30 30
Oxitol 90 90
liiater 650 650
Polyurethane Polymer Polyurethane Solvent
Lankrothane 1304 (l_) 100 -
Xylene 300 100
L = Lankro Chemicals 
R = Rohm and Haas (U.K)
APPENDIX IV
THE COMPUTER PROGRAMME USED TO CALCULATE 
THE THEORETICAL STRESS-STRAIN CURVES 
DISCUSSED IN SECTION 6.3.2.
THE LANGUAGE IS HEWLETT-PACKARD BASIC.
10 DEG
20 DIM X S C 12; 183;A S C 2; 1 63; PSC 1 2; 7D;ASC203 
30 LOAD DATA 19;X 
40 LOAD DATA 20.* P 
50 FOR A9=l TO 7
60 GO SUB A9 OF 660.* 700.* 740.* 780.* 820.* 860.* 900 
70 FOR T=1 TO 12 
80 PRINT "COMPOSITE "T 
90 RESTORE 100
100 DATA 0.5.* 1.* 2; 3.* 4.* 5.* 6.* 7.* 8.* 9.* 10.* 12.5; 15.* 1 7. 5.* 20.* 25 
110 -REM REAL/APPARANT DENSITY 
120 K=0 . 56/1.4
130 REM M AND P5 = CONSTANTS IN THE LOG. NORMAL FUNCTION 
140 M = 1 .1 
153 P5= 0 .6
160 REM E2=SCALING FACTOR IN THE LOG. NORMAL FUNCTION TO FIX STRAIN AT m a x - 
170 £2=0.15
180 REM CALAULATE STRESS AT 16 INTERVALS OF STRAINCLINE 133)
190 PRINT "-STRAIN------R STRESS---- C STRESS-------- CURL--------- M l --------- Pi
200 FOR N=1 TO 16
210 REM E= STRAIN C %) AT WHICH REAL STRESS HAS BEEN RECORDED 
220 READ E 
230 E = E / 103
240 REM CALC OF POISSON'S RATIO PI FROM DATA STORED IN MATRIX P 
250 IF E <= P C T ; 13/103 THEN 310 
263 IF E < = PIT;23/100 THEN 290 
270 P1=PCT;63 + PCT;73/C E * 100)
280 GOTO 320
290 P1=PCT;43+PCT;53/CE*103)
300 GOTO 320 
310 P1=PCT;33
320 REM CALC. OF CURL;IF E<=E3;FIBRES ARE ASSUMED STRAIGHT 
330 IF E <= E3 THEN 3 70 
343 X = ( (E-E33/CE2-E3))
350 C = 1 + C ( l/C X*P5* ( ( 2* PI ) t 0. 5) ) )* C EXPC C - 1 )* C LO GCX/M) ) t 2/ ( 2*P5 12) ) ) )* 1 0t f-l-7) 
360 GOTO 38 0 
370 C=1 
380 FI=0
390 REM CALC. FIBRE DENSITY AND FIBRE STRAIN AT 5 DEG INTERVALS 
400 FOR 0=5 TO 90 STEP 5 
410 Al=(K*(CQS(0-5)-CQSQ))
420 C2=C C0SC0-2.5) ) t 2 
430 S2=(SINC0-2.5))t2
440 S=C C1/C)*((C2*<( i+E) t 2) + S2*< <1-P1*E) t 2 ) ) t0.5>)-1
450 REM IF THE FIBRE STRAIN BECOMES -VE;TERMINATE THE LOOP 
460 IF S >= 0 THEN 49 0 
470 0=90 
430 GOTO 530
490 REM IF E<= El THEN FIBRE MODULUS REMAINS CONSTANT
C ont. ove r
500 IF E < = E! THEN 560
510 IF T=1 OH T= 6 THEN 540
520 N 1= M 1 *(1”0•5*(1-EXPC C-1)*(E*8) t 3)))
530 GOTO 5 70
540 N1=M1*(0.25 + 0* 5*Cl-EXPCC- 1)*CE*S)t3)))
550 GOTO 570 
560 N 1= M 1 
570 F1=F1+S*M1*A1 
580 NEXT 0 
59 0 FIXED 5
600 p r i n t  e j x c t ^n d ;f i j c ;m i ;pi
610 NEXT N 
620 NEXT T 
630 NEXT A9 
640 END
650 REM E 3 - 1j CURL REMAINS CONSTANT AT 1 . 000;E 1 = 1^FIBRE MODULUS REMAINS .
660 El = l ] coNstflNT
670 E3= 1
680 M 1 = 1 0 3 0
69 0 RETURN
700 E 1=0.005
710 E3=l
720 M l =2000
730 RETURN
740 E 1=0.005
750 E3 = 1
760 M l =1000
770 RETURN
78 0 El = 1
79 0 E3=0.01 
800 M 1=2000 
810 RETURN 
820 E 1=1 
830 E3=0. 31 
840 M 1 = 1030 
850 RETURN 
860 E1 = 0.035 
870 £3=0.01
88 0 Ml=200 0
89 0 RETURN 
900 El=0.005 
910 E3=0.01 
920 Ml=1000 
930 RETURN
